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 I often hear it said that “the automotive industry is in a once-in-a-hundred-year period of 
transformation.” In simple terms, it is understood that vehicles as a product and their surrounding 
environment are changing profoundly due to electrification. Naturally, like other companies, 
JATCO is moving ahead with various measures so that we do not miss this trend and can stay ahead 
of it.
 Public announcements of new products and introductions of new technologies related to 
electrified powertrains called e-Axles are already increasing with each passing day. I constantly 
feel this trend is stimulating friendly rivalry that is forming an environment in which even better 
products can be put on the market. While JATCO’s true value as a “monozukuri” company is being 
questioned, it can also be said on the other hand that this is an excellent opportunity for us to 
demonstrate the actual capabilities we have accumulated to date.
 To say it is a “period of transformation,” a key point that must also be considered is that it does 
not merely signify the use of electric motors to drive vehicles. It will not be surprising that the “use 
of electricity to power vehicles” will make it possible to easily achieve a wide variety of things 
that could not be readily attained before. I think we will only be qualified to talk about a “period 
of transformation” after those things have been incorporated into the business model. Dramatic 
advancements in convenience can be expected along an axis of so-called connectivity with respect 
to vehicle performance, quality, customer service and many other aspects. Above all else, it is 
perfectly clear that customers who use vehicles will have a more discerning eye and that their 
preferences will continually evolve. Once customers use something that is convenient, they can no 
longer go back to what they had before. One good example of this is the amazing speed at which 
music storage media for personal enjoyment have evolved from cassette tapes to CDs to memory 
devices and then further by riding on the waves of streaming services and digitization. The same 
is also true for mobile phones and PCs. Examples like these are too numerous to mention. Such 
evolution creates new business opportunities that can be expected to promote further development 
of the industries involved. This also applies to the automotive industry in which JATCO operates. 
I often get the impression when sitting in the driver’s seat of one of the various electrified vehicles 
already released that they are seemingly posing questions to users about product evolution, saying 
“this is how future vehicles will be,” similar to the examples cited above.
 Meanwhile, as someone who works in the automotive industry that reportedly is the source of 
over 20% of all atmospheric emissions, I keenly feel we have an obligation to reduce the global 
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environmental impact and to minimize emissions, most notably CO2, as a measure against global 
warming in view of recent climate changes. Aside from discussions of how electric energy should 
be generated, the replacement of internal combustion engines with electric motors is a principal 
measure that engineers should pursue. In parallel with that, developing production methods that do 
not emit greenhouse gases is another new challenge that should be addressed. Regardless of whether 
we like or dislike this once-in-a-hundred-year period of transformation, it is absolutely imperative 
that we also recognize and address these various aspects mentioned here for the continuation and 
future development of automobile manufacturing.
 “Electrification” is the theme before us today, but what we ought to aim for is not just 
electrification that is imaginable now, as there are many more possibilities. In other words, it is 
desirable that electrification efforts should embody the pleasure of creating the future as a result 
of imagining, struggling with and contemplating what might be possible. Moreover, if we can 
contribute to the formation of a future world and environment that are not yet achievable today, we 
can feel proud to be a manufacturer. As one individual engaged in the automotive industry, I want 
to say to everyone: let us definitely make every effort to produce results that will ultimately be 
satisfying to society, customers and ourselves by working hard to search for and research solutions 
to today’s problems. After all, we are blessed with the good fortune of having an opportunity that 
comes once in a hundred years.

What Electrification Efforts Mean



77

Technical Report

1. Introduction

 The automotive industry is moving ahead with 
electrification of powertrain systems in the form of electric 
vehicles, hybrid vehicles and other types in order to achieve 
a sustainable society. Weight reductions, downsizing and 
improvement of electric powertrain efficiency are necessary 
and indispensable to promote their widespread diffusion 
with the aim of markedly reducing greenhouse gas 
emissions. Companies are developing e-Axles that integrate 
the motor, inverter and gearbox into a single unit. 
 This article describes JATCO’s new e-Axle with a 
1-axis structure that uses a planetary gear set to build a 
more compact unit with higher efficiency. Special focus is 
put on explaining the gearbox.

2. Development aims

 The following three aims were set for the development 
of the new 1-axis e-Axle. 

(1)  To achieve the top benchmark for  volume by 
substantially downsizing the unit in the vehicle’s 
longitudinal and vertical directions.

(2) To aim for top-level transmission efficiency.
(3)  To adopt a lubrication system without an oil pump so as 

to achieve a low-cost, compact unit.
 Downsizing the e-Axle provides the following benefits 
for the vehicle (Fig. 1). 
• Mountable regardless of 2WD/4WD.
• Expansion of luggage space.
• Assurance of crumple space for collision safety.
•  It allows a lower hood height, increasing the degrees of 

freedom for vehicle styling and reducing aerodynamic drag.
    

3. e-Axle specifications

3.1 Major specifications
 The major e-Axle specifications are listed in Table 1. 
The appearance of the new e-Axle is shown in Fig. 2

Innovative Technology Development Department*

Summary
This article describes a compact e-Axle that was developed using a planetary gear set as the gearbox to improve vehicle 
mountability, expand luggage space, increase degrees of freedom for vehicle styling and reduce aerodynamic drag. The adoption 
of a stepped planetary gear set configuration and optimization of oil flow inside the unit achieve both excellent transmission 
efficiency and lubrication performance.

Compact and high-efficiency 1-axis e-Axle with a 
planetary gear set

Hiroki UEHARA*　 Shota OIKAWA*　 Kazuhiko YOKOYAMA*
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Fig. 1 Benefits for the vehicle of compact e-Axle
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Compact and high-efficiency 1-axis e-Axle with a planetary gear set

4. Gearbox

4.1 Gear specifications
 As shown in Fig. 5, a stepped planetary gear set was 
adopted as the gear specifications in consideration of the 
following requirements (Table 2).
(1)  It must allow a gear ratio of 9.4 or higher to be secured 

in consideration of the required driving force and 
available motor torque.

3.2 Aim of downsizing
 As illustrated in Fig. 3, the dimension in the vehicle’s 
longitudinal direction was shortened by adopting a single-
axis structure. 
 The e-Axle achieves the top benchmark for torque 
density as shown in Fig. 4.

Max．electric motor power 150 kW 

Max．electric motor torque 320 Nm 

Max．electric motor speed 13,000 rpm 

Gear ratio 9.692 

Unit volume 65 L 

Unit size X：325 mm×Y：540 mm×Z：370 mm 

Table 1 e-Axle specifications

Z Vehicle vertical 

Y Inverter Vehicle longitudinal 
Vehicle lateral X 

Differential 
gear set 

 
Planetary 
gear set 

Electric motor

Fig. 2 Appearance of new compact e-Axle

3.2  小小型型化化のの狙狙いい  

Fig. 3に示すように 1軸化により車両前後方向の寸法
を短縮した． 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 e-Axle トルク密度は Fig. 4に示すようにトップベンチマ
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44．． ギギヤヤボボッッククスス  

 

4.1  ギギヤヤ仕仕様様  

ギヤ仕様については以下の要求を考慮し Fig. 5に示
すような段付き型の遊星ギヤを採用した(Table 2)． 

(1) 駆動力要求とモータトルク相場を考慮した 9.4 以上
のギヤ比が確保可能なこと 

(2) コンパクトな軸長 

(3) トップクラスの伝達効率 
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4.2 ギギヤヤ比比選選定定  

ギヤ比を増やすことでモータトルクを低減しモータ・イ

ンバータが小型化できる. 一方でギヤ比を増加させると

遊星ギヤの径方向の寸法が拡大する． 

新型 e-Axleでは搭載できる最大寸法のギヤ比 9.677
を確保しモータトルクを低減した(Fig. 6)． 
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Fig. 4 e-Axle torque density
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4.3 Gear lubrication system
 A lubrication system was adopted that uses oil churning 
by the gears to lubricate each part, thus achieving a low-
cost, compact system.

4.3.1 Distribution of lubricant
 The structure shown in Fig. 7 was adopted to 
optimize lubrication based on oil churning by the gears. 
It incorporates improvements regarding oil supply 
destinations, churning method, flow passages and 
circulation method.
 An oil catch is provided that retains the oil churned by 
the planetary gears and distributes it to the bearings and 
seals of the gearbox output shaft positioned on the opposite 
side from the gearbox. 

4.3.2 Results of lubrication simulation
 Oil  f low inside the uni t  was s imulated using 
computational fluid dynamics (CFD) simulation software. 
The results confirmed that lubrication was reliably provided 
to each part as shown in Fig. 8. It is observed that oil flows 
into the oil catch and is well distributed to lubricate the 
planetary gears. In addition, an experiment was conducted 
to visualize the oil flow. The experimental data validated 
the simulation results and the validity of the lubrication 
system.

4.4 Transmission efficiency
 The following elements that greatly influence the 
sensitivity of transmission efficiency were incorporated into 
the design to reduce loss compared with that of a 3-axis 
gearbox structure.

(2) Compact axial length.
(3) Top-level transmission efficiency.

4.2 Gear ratio selection
 Increasing the gear ratio reduces motor torque, enabling 
a smaller motor and inverter. However, increasing the gear 
ratio enlarges the radial dimension of the planetary gear set.
 Motor torque was reduced by increasing the gear ratio 
of the new e-Axle to 9.692, the maximum dimension that 
would still allow the unit to be mountable (Fig. 6).
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Fig. 6 Gear ratio optimization

Oil catch 

Oil  

Oil catch Oil flow 

Oil flow 

Rotation 
direction 

Fig. 7 Oil flow

4.3  ギギヤヤ潤潤滑滑方方式式  

ギヤのオイル撹拌により各部を潤滑するシステムとし, 

低コスト及び小型化を実現した． 

 

4.3.1  潤潤滑滑油油配配分分  

ギヤの攪拌による潤滑を最適化する為, オイル供給

先, かきあげ方, 経路と循環のさせ方を工夫して Fig. 7
のような構造とした． 

 オイルキャッチ部を設けて, 遊星ギヤでかきあげたオ

イルを保持しギヤボックスに対しモータを挟んだ反対側

に位置する出力軸のベアリング・シール部へオイルを分

配している． 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2  潤潤滑滑シシミミュュレレーーシショョンン結結果果  

 CFD 解析を用いてユニット内のオイルの流れをシミュ

レーションし Fig. 8に示すように各部の潤滑が成立する
ことを確認した． 

 オイルキャッチ部へのオイル流入と遊星ギヤ部の潤滑

が上手く配分できている． 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 さらに実験によりオイル流れを可視化し, シミュレーシ

ョンの妥当性と潤滑の成立性を確認した． 

 

4.4  伝伝達達効効率率  

3軸構造ギヤボックスに対し, 伝達効率の感度の高

い下記要素について損失を低減する設計を織り込ん

だ． 

 
ギヤかみ合い： 

段付き型遊星ギヤ構成により 3軸構造と同等のかみ
合い数を実現 

ベアリング： 

段付き型遊星ギヤ構成により円すいころ軸受け廃止

及び玉軸受け個数と荷重削減 

オイル攪拌： 

オイルキャッチ構造による攪拌抵抗の低減 

 

 これらのアイテムによって 3軸構造ギヤボックスに対し
Fig. 9に示すようにフリクション損失をほぼ半減しトップ
レベルの伝達効率を実現した． 
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Fig. 8 Oil flow simulation  

Fig. 9 Gearbox friction reduction 
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Gear meshing:
The adoption of the stepped planetary gear set achieved the 
same number of meshes as that of a 3-axis structure.

Bearings:
The stepped planetary gear set eliminated the tapered 
roller bearings and reduced the number and load of the ball 
bearings.

Oil churning:
The oil catch structure reduces churning resistance.

 As shown in Fig. 9, these measures reduced the friction 
loss of the 1-axis unit to nearly one-half that of the 3-axis 
gearbox to provide top-level transmission efficiency.

5. Conclusion

 A compact e-Axle was newly developed that adopts a 
planetary gear set as the gearbox, which improves vehicle 
mountability, expands luggage space, increases the degrees 
of freedom for vehicle styling and reduces aerodynamic 
drag. 
 The adoption of a stepped planetary gear set structure 
and optimization of oil flow inside the unit achieve 
both excellent transmission efficiency and lubrication 
performance.
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Fig. 9 Gearbox friction reduction
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Technical Report

1. Introduction

 Development lead time and costs have tended to 
increase enormously in recent years owing to the diversified 
and higher functionality demanded of vehicles. Issues that 
occur in actual vehicle evaluations conducted on real-world 
road surfaces in the later phase of the development period 
are an especially large cause of rework that puts pressure on 
development costs.
 In order to deal with this issue, JATCO has promoted 
the use of model-based development (MBD) technology 
for substituting test bench experiments and theoretical 
experiments in place of actual vehicle experiments. The 
following benefits can be expected from this approach.
1)  Advance evaluation of conditions simulating real-world 

road surfaces by using simulation functions.
2)  Efficient evaluation of a huge number of conditions by 

using an automatic experiment system.
 This article describes an example of the application 
of a hardware-in-the-loop simulator (HILS) embodying 
MBD technology to substitute theoretical experiments for 
vehicle experiments in developing automatic transmissions 
(ATs). This approach both reduces development costs and 
improves quality.

2. Issue

 More speed ranges have been added to ATs in recent 
years to meet demands for better fuel economy among 

other requirements. Like other companies, JATCO has 
added more speed ranges to 7-speed ATs to create 9-speed 
ATs for use on rear-wheel-drive vehicles. As a result, the 
number of shift patterns has increased 1.6 times as shown 
in Fig. 1. Moreover, owing to the greater complexity of 
shift control, conditions with finer throttle valve openings 
have been added along with various driving environment 
conditions, including high elevations and road gradients. 
Automatic transmissions must always provide satisfactory 
smoothness, response and other shift performance qualities 
under this vast number of evaluation conditions. However, 
it is difficult to ensure such performance on the basis of 
actual vehicle experiments. 
 As one measure for coping with this issue, for some 
time now we have been using a HILS-based experiment 

Unit System Development Department*

Summary
Development costs have tended to increase in recent years owing to longer lead time and greater expenses because of the diversified 
and higher functionality required of vehicles. The cost burden of experiments using actual vehicles is especially large, and increased 
efficiency is required in addition to ensuring quality. This article describes the use of a new hardware-in-the-loop simulation (HILS) 
system that has been improved so as to enable coordinated engine control, making it possible to substitute theoretical experiments 
for evaluations that previously could only be made with actual vehicles. This improved system achieves solid quality while holding 
down the cost of developing automatic transmissions by enabling advance evaluations to be conducted efficiently.

Improvement of development quality by applying 
MBD to experiments

--Application of a HILS system to AT development--
Shinya KUMAYABU*　Tatsuo TAUCHI*　Norio SERIZAWA*

Fig. 1

Excelの表からEMF貼り付け
Excel図ファイルに表ソースあり
原稿にEMF貼り付け

1st 2nd 3rd 4th 5th 6th 7th 8th 9th
1st 2-1 3-1 4-1 5-1 6-1
2nd 1-2 3-2 4-2 5-2 6-2 7-2 8-2
3rd 1-3 2-3 4-3 5-3 6-3 7-3 8-3 9-3
4th 1-4 2-4 3-4 5-4 6-4 7-4 8-4 9-4
5th 1-5 2-5 3-5 4-5 6-5 7-5 8-5 9-5
6th 1-6 2-6 3-6 4-6 5-6 7-6 8-6 9-6
7th 2-7 3-7 4-7 5-7 6-7 8-7 9-7
8th 2-8 3-8 4-8 5-8 6-8 7-8 9-8
9th 3-9 4-9 5-9 6-9 7-9 8-9

Current gear position
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4.1 Improvement of engine model
 The intake air volume etc. sent to the sensors must 
be calculated in order to operate an actual engine ECU. 
However, implementing a detailed simulation would 
require an enormous amount of effort and computational 
complexity, making it difficult to use the HILS system 
that requires real-time processing. Therefore, a method 
was adopted for calculating the intake air volume with a 
simple computational model (Fig. 3). This model uses the 
mean value of the intake air volume fluctuation among the 
cylinders, which is found with what is generally known as a 
mean value engine model (MVEM). 

 A method of referring to a map of experimental data is 
used to calculate engine torque and other values.
 This method makes it possible to reproduce the 
coordinated control between the engine ECU and the AT 
ECU. Figure 4 compares the results obtained with the new 
HILS system and the previous HILS system that includes 
only JATCO ’s standard in-house AT ECU. The data 
indicate that the new system is capable of reproducing the 
synchronized control that immediately raises the engine 

system to confirm the performance of the onboard 
electronic control unit (ECU) of the AT as a substitute for 
actual vehicle experiments. However, in order to confirm 
driveability, it is necessary to reproduce coordinated control 
for adjusting engine torque. Application of the previous 
HILS system with only the AT ECU has been limited due to 
its poor accuracy. 

3. Solution to the issue

 The following three measures were applied to the 
previous HILS-based theoretical experiment system to 
improve its accuracy so as to enable confirmation of 
driveability.
(1)  Development of a HILS system that also operates the 

engine ECU in addition to the AT ECU in order to 
enable coordinated engine control.

(2)  Enhancement of the accuracy of the AT and vehicle 
models to enable driveability evaluations.

(3)  Implementation of an automatic evaluation system for 
obtaining higher efficiency.

4. HILS system with engine & AT ECU operation applied 
to a 9-speed AT

 A HILS system with both engine & AT ECU operation 
was developed for application to a 9-speed AT for rear-
wheel-drive vehicles. The system configuration is outlined 
in Fig. 2. This is a theoretical experiment system that 
incorporates simulation models other than for the ECUs. An 
automatic experiment system enables efficient evaluation 
of a vast number of operating conditions, including driving 
environment conditions. It is well suited to wide-ranging 
searches for calibration constants and to narrowing down 
conditions causing performance problems. 
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taking into account a spring element. Figure 5 presents 
a comparison of vehicle acceleration during an upshift 
obtained with the improved model, the previous model 
and a real car. Because the tilting and swaying behavior of 
the vehicle body induced by acceleration was added to the 
improved model, it reproduced vehicle acceleration close to 
the value of the vehicle acceleration sensor. 

4.4 Automatic evaluation system
 The Jatco Auto Evaluation System (JAES) developed 
in-house by JATCO was adopted as the evaluation 
model. JAES converts the ride quality index, based on 
the “Evaluation Method for Whole-Body Vibration in 
ISO2631-1,” to JATCO’s in-house rating score. This 
enables automatic operation of the automatic experiment 
system from the execution of driving operations to the final 
evaluation of ride comfort.

5. Use of HILS system with both engine and AT ECU 
operation

 This section describes examples of experiments 
conducted on JATCO’s 9-speed AT using the new HILS 
system that activated the engine and AT ECUs. 

5.1 Experiments for varied driving environment conditions
 It is now easy to conduct tests on road gradients by 

speed when the coordinated control procedure works to 
increase engine torque at the time of a downshift. 

4.2 Improvement of AT model
 The following improvements were made to the 
AT model in the new HILS system for the purpose of 
evaluating driveability during AT shifting. 
(1)  The equation of motion for the independent inertial 

moment of each element of the planetary gear set is 
expressed as a state space representation and calculated.

(2)  Drag torque is calculated according to the clearance 
state of the clutch friction material.

(3)  The coefficient of friction of the clutches, which varies 
depending on the experimental values used for the 
rotational speed and surface pressure, is calculated in 
reference to a map.

(4)  The elastic modulus of the CVT fluid, which varies 
according to the hydraulic pressure based on matching 
with experimental data, is calculated in reference to a 
map.

    These improvements enhance the reproducibility of shift 
shock, making it possible to evaluate driveability.

4.3 Improvement of vehicle model
 A simple mass model was used previously as the vehicle 
model in performance experiments of an AT unit alone. 
However, in evaluating vehicle behavior, it is necessary to 
consider the influence of spring system vibration induced by 
the suspension and other parts. Therefore, in a cooperative 
effort with Nissan Motor Co., Ltd., a vehicle model 
was adopted that can evaluate low-frequency vibration, 
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6. Conclusion

 Development costs have been soaring due to the 
diversified and higher functionality required of vehicles. 
To address this issue, we included the engine ECU in the 
new HILS system and made the following improvements in 
order to expand the operating range that can be confirmed 
by theoretical experiments. These measures were taken to 
cope with the explosive increase in experimental conditions 
especially for the addition of more speed ranges to ATs.
(1)  Reproducibility of coordinated engine control was 

improved by creating the minimum necessary engine 
model for operating the engine ECU. 

(2)  Reproducibility of shift shock was improved by further 
enhancing the AT and vehicle models.

(3)  The automatic experiment system now makes it possible 
to efficiently vary many conditions.

 The following results were achieved by using this 
improved HILS system.
(1)  F ine-mesh  s imula t ions  tha t  inc luded  dr iv ing 

environment conditions were conducted at low cost 
and with high reproducibility, which contributed to the 
development of the ECU control system.

(2)  Potential issues were detected early before in-vehicle 
testing, wide-range searches were conducted for 
calibration constants and they were narrowed down.

 HILS-based theoretical experiments cannot be 
substituted for all actual vehicle experiments at the present 
time because complete accuracy has not yet been obtained. 
Therefore, we aim to further improve development quality 
through selective use of the features of each approach. The 
advantages of the HILS-based automatic experiment system 
will be utilized to narrow down calibration constants and 
conditions based on wide-range searches, and experiments 
will be performed for obtaining highly accurate clarification 
of the phenomena involved.

changing the values in the simulation. This capability can 
be used to examine problems suspected to occur under 
coordinated engine control only on downhill gradients. It 
has been helpful in clarifying the mechanism involved and 
in establishing a corrective control procedure by identifying 
the conditions causing the phenomenon such as the degree 
of the downhill gradient and rate of vehicle deceleration. 

5.2 Use of automatic capabilities of HILS system
 Confirming the standard menu of various shift patterns 
in actual vehicle experiments takes 7.5 months to check 
approximately 5,000 patterns, but confirmation can now be 
completed in seven days with the HILS system because it 
operates continuously day and night. Based on the results, 
operating regions where it is suspected performance 
problems may occur are identified and further narrowed 
down in detailed experiments conducted with an actual 
vehicle. In addition, the patterns can be reused to confirm 
differences when small-scale specification changes or 
control system changes are made, enabling efficient 
confirmation of quality. 

5.3 Wide-range search for calibration constants 
 A wide-range search for multiple constants, which is 
time-consuming with actual hardware, was conducted by 
taking advantage of the ability to easily change the calibration 
constants of the ECU in a theoretical experiment. The color-
coded regions in Fig. 6 indicate the operating regions where 
the evaluation model results were poor when calibration 
constants for the engagement and release pressures of the 
clutches were varied. As indicated in the figure, the HILS 
system contributed to constant calibration by finding an 
acceptable area in the region of high clutch release pressure, 
which was not found in the test results of the actual vehicle. 
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1. Introduction

 Development lead time and costs have tended to 
increase enormously in recent years owing to the diversified 
and higher functionality required of vehicles. Issues that 
occur in actual vehicle evaluations conducted on real-world 
road surfaces in the later phase of the development period 
are an especially large cause of rework that puts pressure on 
development costs.
 In order to resolve this issue, JATCO has promoted the 
use of model-based development (MBD) technology to 
conduct theoretical experiments and test bench experiments 
in place of actual vehicle experiments. The following 
benefits can be expected from this approach.
1)  Advance evaluation of conditions simulating real-world 

road surfaces by using simulation functions.
2)  Efficient evaluation of a huge number of conditions by 

using automatic experiment capabilities.
 This article presents an example of the use of a 
virtual and real simulator (VRS) system embodying 
MBD technology in actual CVT development work to 
perform test bench experiments in place of actual vehicle 
experiments. The use of this system builds solid quality 
while suppressing development costs.

2. Issue

 A CVT is built with a variator capable of executing 

stepless shifting using a belt and pulley system. Precise 
hydraulic pressure control of each pulley ensures stable 
shifting and enables torque transmission (Fig. 1). 
 In addition, the transmission must always ensure shift 
stability and provide satisfactory vehicle driveability in 
various driving operations envisioned on a wide range of 
real-world road surfaces, including those at high elevations 
and with road gradients. 
 Numerous actual vehicle experiments on a test course 
and on real-world road surfaces are necessary in order to 
confirm such performance. Because of the diversification 
of requirements and higher functionality needed, it is 
becoming very difficult to confirm all of the performance 
requirements using actual vehicles. 
 As one solution to this situation, JATCO has been 

Unit System Development Department*
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The cost of conducting actual vehicle experiments is especially huge, and there is a need for higher efficiency on top of 
ensuring quality. This article describes the use of a virtual and real simulator (VRS) system to conduct test bench experiments 
for making evaluations that previously could only be done in actual vehicle experiments. This system selectively uses virtual 
parts embodying model-based development (MBD) technology and real parts of an actual unit in appropriate places. By 
enabling advance evaluations to be conducted efficiently, this system supports the creation of solid quality while holding down 
development costs.

Improvement of development quality by applying 
MBD to experiments

—Application of a VRS system to CVT development—
Daisuke YAMAGATA*

Torque input
from engine

Torque output
to driveshaft

Drive pulley

Driven pulley

Belt

Accurate control of
hydraulic-pressure

Control valve

Fig. 1 Variator system of CVT



86

Improvement of development quality by applying MBD to experiments —Application of a VRS system to CVT development—

Engine” (referred to hereafter as the previous article). The 
present article describes an example of the application of 
the VRS system in the development of an actual CVT.

4. TM-VRS system

 The configuration of the TM-VRS system is shown 
in Fig. 2. It was created by adding hardware-in-the-loop 
simulation (HILS) models (Fig. 2(1)), an automatic operation 
system (Fig. 2(2)) and an automatic evaluation system (Fig. 
2(3)) to a low-inertia, high-response motor bench.
 The high-response motor bench and simulation models 
serve to reproduce the behavior of an actual vehicle. A large 
number of conditions can be efficiently evaluated by using 
the automatic experiment capabilities incorporated in the 
automatic operation and evaluation systems. 

4.1 Engine model
 A simple engine model was adopted that reproduces only 
the narrowed-down characteristics needed for evaluating a 
CVT. It is not a virtual engine system like that mentioned 
in the previous article or used for stepped AT evaluation, 
which employs an actual engine control unit. 
 This simple engine model was prepared as a measure 
for addressing an actual operational issue where it is not 
possible to construct a virtual engine system on a timely 
basis because the engine is being developed simultaneously 
or for some other reason. Compared with a stepped AT that 
requires a coordinated engine control system for switching 
between clutches of the planetary gear set when shifting, 
the coordinated engine control for a CVT is limited, making 
it possible to substitute this simple model.

promoting the use of MBD technology to substitute 
theoretical experiments and test bench experiments for 
actual vehicle experiments. This approach is aimed at both 
reducing development costs and ensuring desired quality.
 However, a major issue in both theoretical and test 
bench experiments is to accurately reproduce actual vehicle 
behavior. In a theoretical experiment, models are substituted 
for all the vehicle systems including the CVT that is 
the target of the evaluation. It is desirable to be able to 
evaluate driveability at a level that includes the variator and 
hydraulic pressure control system, which are characteristic 
elements of a CVT. In this case in particular, it is necessary 
to use highly accurate models that require an extremely 
long calculation time. One resultant issue is that it becomes 
very difficult to efficiently evaluate a large number of 
experimental conditions, which is one of the advantages of 
theoretical experiments. 

3. Solution to the issue

 The following practical solution was developed to 
resolve the issue of the trade-off between accuracy and 
efficiency. Actual CVT hardware is used for parts that 
require accuracy and are difficult to model. Simulation 
models based on MBD technology are substituted for 
the other parts. In short, an effort was made to replace 
actual vehicle experiments with test bench experiments by 
applying the VRS system that selectively uses both real and 
virtual parts in appropriate places. 
 JATCO Technical Review No. 17 contained an article 
entitled “Development of a VRS Test Bench Capable 
of Validating Transmission Driveability using a Virtual 

Copyright © 2020 JATCO Ltd JATCO Confidential C
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4.3 Automatic evaluation system
 The automatic evaluation system adopts an evaluation 
model that is identical to the one mentioned in the previous 
article and used for stepped AT evaluation. This system 
enables efficient judgment of the huge volume of data 
collected by the automatic operation system.

5. Actual vehicle behavior reproduction accuracy of TM-VRS

 Figures 3-5 compare the behavior of the time-history 
data obtained with an actual vehicle and with TM-VRS. 
Data are shown separately for different parts of the TM-
VRS system in order to confirm their reproducibility of 
actual vehicle behavior. 
 Figure 3 compares the time-history waveforms for 
accelerator pedal operation and engine torque that are 
influenced by the engine model. Except for the start of 
torque rise, the engine model reproduced engine torque 
behavior during steady-speed operation and when shifting. 
 Figure 4 compares the time-history waveforms for 
the engine speed, turbine speed and variator ratio, which 
are influenced by the engine model and the actual CVT 
hardware. It is seen that the TM-VRS system reproduced 
the same behavior as that of the actual vehicle in each case. 
 Figure 5 compares the time-history waveforms for 
output shaft torque, representing the final output, and 
vehicle acceleration (G). The TM-VRS system reproduced 
the acceleration behavior of the vehicle, excluding the time 
when engine torque began to rise.

6. Discovery of development issue and its solution

 Figure 6 presents an example of a development issue 
that was discovered in test bench experiments conducted 
during the CVT development process before the unit was 
validated in vehicle testing.
 The phenomenon here concerned vehicle vibration that 
occurred due to variator instability when shifting manually at 
a low vehicle speed (left-side waveforms in Fig. 6). This issue 
was discovered for the very reason that the TM-VRS system 
uses an actual CVT and a high-accuracy vehicle model. 
 This phenomenon was detected and the issue was 
resolved before the CVT was validated in vehicle testing 
(right-side waveforms in Fig. 6).

7. Present issues and benefits of using TM-VRS

 One present issue is that test bench experiments cannot 
fully replace all actual vehicle experiments. However, by 

4.2 Vehicle model
 Compared with the simple model that only included 
running resistance in the previous article, a vehicle model 
was adopted like that for stepped AT evaluation, which 
includes the vibration characteristics of the suspension, 
engine mounts and other parts.  This was done in 
cooperation with Nissan Motor Co., Ltd., and it improved 
the reproduction accuracy for vehicle acceleration (G), 
which is critical for evaluating driveability. 
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diversified and higher functionality required of vehicles 
in recent years. To cope with this issue, JATCO has taken 
the approach of using a TM-VRS system to substitute test 
bench experiments for actual vehicle experiments. The 
following benefits have been obtained by applying this 
system in actual CVT development activities.
1)  Selection of the optimum engine model and improvement 

of vehicle model accuracy have made it possible to 
substitute test bench experiments for actual vehicle 
experiments. 

2)  An enormous number of conditions can now be 
evaluated efficiently by using the automatic operation 
and evaluation systems. 

3)  Development issues can now be discovered and resolved 
early by evaluating conditions simulating real-world road 
surfaces in advance of actual vehicle testing.

 In future CVT development activities, we aim to 
further improve development quality by adopting test bench 
experiments using the TM-VRS system as a standard process.

combining the best features of both approaches as described 
below, it is possible to both confirm solid quality and ensure 
efficiency. 
 Test bench experiments are well suited to a broad 
examination of many conditions. Specifically, the model-
based simulation function enables evaluation of various 
driving environment conditions simulating real-world road 
surfaces at an earlier stage than actual vehicle experiments. 
In addition, the automatic operation and evaluation systems, 
capable of running day and night including on weekends, 
enable efficient evaluation of a huge number of conditions. In 
actuality, vehicle experiments that used to take three months 
to do on real-world roads can now be completed in one week. 
As a result, conditions suspected of being development issues 
can now be identified at an early stage. In addition, by taking 
advantage of the high reproducibility of driving environment 
conditions and driving operations, the effects of software 
changes such as for the control constants or other details and 
of hardware changes including variability among parts can 
now be evaluated directly.
 Vehicle experiments are well suited to an in-depth 
examination of a limited number of conditions. Specifically, 
they can be used selectively to confirm conditions 
suspected of causing the problems discovered in test bench 
experiments or when a final judgment must be made by 
human engineers, among other situations.

8. Conclusion

 Development costs have been soaring due to the Daisuke YAMAGATA
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1. Introduction

 Turbocharged engines with fewer cylinders have 
emerged in recent years with the aim of further improving 
fuel economy. The Jatco CVT-X is our first continuously 
variable transmission (CVT) to be applied to a 3-cylinder 
turbocharged engine. 
 Reducing the number of cylinders causes larger torque 
fluctuations compared with conventional engines especially 
in the low vehicle speed range. Locking up the torque 
converter from the low vehicle speed range is effective in 
improving fuel economy, but stronger vibration control than 
before is necessary. Therefore, it was decided to adopt a 
pendulum-type damper for the torque converter of the Jatco 
CVT-X in order to resolve this issue.
 Applying a pendulum-type damper in an effort to 
attenuate large torque fluctuations requires more vehicle 
mounting space. Installing the damper in a narrow 

space would cause concerns about declines in damping 
performance and durability. Therefore, it was necessary to 
consider such concerns when selecting the mass and spring 
specifications of the pendulum-type damper. 
 A torque converter serves to amplify engine torque. 
Large torque amplification is advantageous for improving 
vehicle launch performance, but there is concern that large 
engine torque fluctuations during idling would promote 
vehicle body vibration. 
 Therefore, the hydraulic performance was tuned to 
satisfy the requirements for power performance and fuel 
economy while contributing to the suppression of vehicle 
body vibration. This article presents examples of the 
measures that were adopted to resolve these issues.

2. Pendulum-type damper issues and solutions

 A 3-cylinder turbocharged engine can produce large 
torque from a low engine speed, but torque fluctuations also 
increase (Fig. 1). To suppress interior noise to the previous 
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specifications were selected so as to achieve a balance 
between the desired damping effect and the issue of mass 
overshoot.
 The model shown in Fig. 4 was used to investigate drive 
shaft torque fluctuation. A study was made of the feasibility 
of satisfying the conditions required for fuel economy in 
relation to the size of the pendulum mass and the spring 
stiffness of the damper (K1, K2) as parameters. The limits 
of the mass overshoot region were also simultaneously 
confirmed. 
 Increasing the size of the mass has a large effect 
on reducing torque fluctuation, but the upper size limit 
is determined by the limitation due to the mountability 
requirement. Therefore, the value of the mountability 
limitation was taken as the upper limit of the axial length 
and the mass size was determined after securing the existing 
space for the main damper (Fig. 5).
 Meanwhile, reducing the spring stiffness of the main 
damper allows reduction of the engine speed at which 
pendulum mass overshoot occurs. However, reducing the 
stiffness more than necessary would require a larger spring 
size to ensure sufficient strength. That would increase the 
size of the main damper, making it impossible to satisfy the 
layout limitation.
 Spring stiffness was varied within the existing damper 
space in order to confirm the drive shaft torque fluctuation 
level for satisfying the conditions of the fuel economy 
requirement and the engine speed at which pendulum mass 
overshoot would occur under the WOT condition. The 
spring stiffness was then determined so as to satisfy both 
conditions. 
 Figure 6 presents the results of an analysis of booming 
noise when the spring stiffness of the damper was 
varied. Specification A was for high spring stiffness and 
specification C was for low stiffness. 

level in a locked-up state, drive shaft torque fluctuation 
must be reduced by 14 dB or more from that obtained with 
the previous damper under operation that satisfies the fuel 
economy requirement and by 18 dB or more under wide-
open throttle (WOT) operation (Fig. 2). A pendulum-type 
damper was adopted to attain these reduction targets (Fig. 3). 
 A pendulum-type damper is built to provide damping 
force by using the principle of a pendulum to actuate 
the mass in the opposite phase according to the torque 
fluctuation frequency. If the pendulum mass moves too 
much, it will interfere with other parts. This phenomenon is 
referred to as overshoot. 
 If pendulum mass overshoot occurs, it gives rise to 
issues such as noise, vibration and a decline in durability. 
Therefore, the pendulum mass must be designed so that 
overshoot does not occur in the region of normal use.

2.1 Study methodology
 In general, if the mass stroke is set so that pendulum 
mass overshoot does not occur in relation to a large 
torque fluctuation input, a large mass is necessary, which 
requires sufficient mounting space. However, downsizing 
is also necessary because of the layout requirements. 
Accordingly, the torsional stiffness of the damper and 
the size of the pendulum mass were designed and the 

Inner damper 
Outer damper

Pendulum-type damper

Main damper

Fig. 3 Structure of pendulum-type damper Fig. 5 Sensitivity of axial length and drive shaft torque fluctuation 
to mass size
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2.2 Level of achievement
 Figure 8 is a map of the region where lockup operation 
is possible in relation to engine speed and engine torque. A 
lockup region was defined so as to satisfy the fuel economy 
requirement in the D-range relative to a balance among the 
pendulum mass size, damper spring stiffness and layout. 
 The region was also defined so that lockup operation 
would be possible up to the driveability requirement line 
without any occurrence of overshoot under the WOT 
condition that emphasizes power output. 
 In this way, the lockup region was defined so as to 
contribute to both power performance and practical fuel 
economy. 

3. Hydrodynamic performance issue and solution

 This section presents examples of the improvement of 
hydrodynamic performance for satisfying the desired fuel 
economy and power performance while avoiding vibration 
issues during D-range idling. 
 Large torque fluctuation occurs during idling of a 
3-cylinder turbocharged engine so there is concern that it 
might promote vehicle body vibration. As a measure against 
vibration, improvement can be expected by reducing the 
torque input to the drive shaft. One conceivable approach 
here is to reduce the output torque of the torque converter. 
 The output torque of the torque converter (To) is 
expressed by the following equation in relation to the 
torque capacity coefficient (τ), engine speed (Ne) and 
torque ratio (t).
 To = τ x Ne2 x t
Accordingly, reducing the torque capacity coefficient and 
the torque ratio can be expected to lower the output torque. 
 However, reducing the torque capacity coefficient of 
the torque converter overall would cause driveability and 

 The lowest drive shaft torque vibration level was 
obtained with the low spring stiffness of specification C 
(blue line), but a drive shaft torque fluctuation value for 
satisfying the fuel economy target was achievable up to the 
high spring stiffness of specification A (green line). 
 Figure 7 presents the results of an analysis of the engine 
speed for the occurrence of pendulum mass overshoot 
when the engine torque and resultant drive shaft torque 
fluctuation were input for each level of damper spring 
stiffness. The results indicate that lowering the damper 
spring stiffness makes it possible to reduce the engine 
speed for the occurrence of pendulum mass overshoot. The 
spring stiffness of specification C allows an engine speed 
for satisfying the driveability requirement.
 Within the limited space available, a spring stiffness 
specification was determined for satisfying both the 
booming noise level relative to the fuel economy 
requirement and overshoot under the WOT condition.

Fig. 7 Engine speed for occurrence of mass overshoot at each 
stiffness level
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arrow, striking the stator blade, and the flow branches to the 
ventral and dorsal sides of the blade. The area of separation 
at that time is determined by the stator tip geometry. The 
torque capacity coefficient and torque ratio can be reduced 
by increasing the amount of flow separation.
 Ways of increasing the amount of separation that can 
be cited include changing the amount of chamfering at the 
stator blade tip on the inflow side and adjusting the blade 
thickness at the blade inlet.
 The blade geometry was determined by ascertaining the 
sensitivity of hydrodynamic performance to adjustments 
made to the amount of stator tip chamfering and blade 
thickness in relation to the base stator geometry (Fig. 11).

3 .2  Performance sensi t ivi ty  resul ts  and level  of 
accomplishment
 Figure 12 is a graph showing the rate of change 
in hydrodynamic performance of the torque capacity 
coefficient as a function of the amount of stator tip 
chamfering. The sensitivity of the torque capacity 

fuel economy to deteriorate during acceleration because of 
engine speed flare. For that reason, it is necessary to keep 
the torque capacity coefficient at a high level on the high 
speed ratio side. 
 Therefore, an effort was made to improve hydrodynamic 
performance for satisfying fuel economy and power 
performance requirements while avoiding vibration during 
idling. That was done by reducing the torque capacity 
coefficient at the low speed ratio used during idling, 
including the stall phase, and the torque ratio. 
 The target for improving hydrodynamic performance 
so as to achieve the requirements mentioned here was to 
reduce the torque capacity coefficient and torque ratio 
relative to the base performance at a low speed ratio 
below 0.4 and to maintain the same respective values 
in the region of a speed ratio of 0.4 or higher. Figure 9 
shows the improvement targets defined for hydrodynamic 
performance.

3.1 Method for examining hydrodynamic performance
 Using the stator blade geometry to increase the amount 
of flow separation is an effective way to reduce the 
torque capacity coefficient and torque ratio at low speed 
ratios. Therefore, hydrodynamic performance was tuned 
by varying the stator tip geometry so as to ascertain the 
sensitivity of hydrodynamic performance to the variation.
 Figure 10 shows a flow velocity distribution around 
the stator obtained by simulation at the time of stall. At 
stall, transmission fluid flows in from the direction of the 

Fig. 9 Targets for improving hydrodynamic performance

Fig. 11 Cross-sectional view of stator blade: Schematic 
diagram of tip chamfering

Inflow

Flow separation
occurs at blade tip

Oil flow passage is narrowed by 
flow separation, causing torque 
capacity coefficient to decline.

Fig. 10 Flow velocity distribution around the stator
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 Stator tip chamfering and blade thickness thinning 
also reduce the torque capacity coefficient at medium to 
high speed ratios in addition to low speed ratios (Fig. 15). 
Therefore, the specifications were determined taking into 
account the contribution against idling vibration and the 
effect on power output and fuel economy due to the reduced 
hydrodynamic performance at medium to high speed ratios. 
 In terms of the level of accomplishment, the stall torque 
capacity coefficient was reduced by 8.3% compared with 
a target of 14% and the torque ratio was reduced by 4.5% 
compared with a target of 4.5% (Fig. 16).
 At speed ratios of 0.6 or higher, both the torque 
capacity coefficient and torque ratio were maintained at the 
base performance levels, thereby suppressing the effect on 
power output and fuel economy. 

coefficient to the amount of tip chamfering was found 
experimentally. As a result, it was confirmed that there 
was a large reduction effect in relation to the amount of 
chamfering (red line).
 However, considering practical productivity, it would 
be necessary to apply a round shape to the blade tip edge 
(Fig. 13). Performance sensitivity was obtained taking that 
factor into account. As a result, it was found that the effect 
on reducing performance became smaller. The reduction 
effect decreased from 11% to around 7% for the same 
amount of chamfering. 
 The sensitivity of performance to the adjustment of the 
blade thickness was then investigated (Fig. 14). The results 
confirmed that thinning the blade thickness was effective in 
reducing the stall torque capacity coefficient and the torque 
ratio.

Fig. 14 Sensitivity of torque capacity integer to blade 
thickness
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4. Conclusion

 This article has described the determination of torque 
converter specifications for JATCO’s first application 
to a 3-cylinder turbocharged engine. Within the limited 
space allowed, the pendulum mass overshoot issue of the 
pendulum-type damper and the issue of idling vibration 
were both satisfactorily resolved. 
1)  A lockup region was achieved that satisfies the fuel 

economy requirement and also allows lockup operation 
for satisfactory driveability without any pendulum mass 
overshoot as a result of adjusting the damper spring 
stiffness.

2)  Torque converter performance was tuned as a measure 
against idling vibration. The torque capacity coefficient 
was reduced by 8.3% and the torque ratio by 4.5%. This 
tuning provides hydrodynamic performance that satisfies 
power output and fuel economy requirements while 
contributing to the suppression of vibration.
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Technical Report

1. Introduction

 The variator that provides the shifting capability of a 
continuously variable transmission (CVT) consists of a 
pulley assembly and a chain as shown in Fig. 1.

 Pulley clamping force is produced by applying 
hydraulic pressure to the pulley hydraulic chamber. That 
clamping force generates frictional force between the 
pulleys and the chain to transmit torque. In general, the 
torque transmission capacity of a chain is thought to be 
proportional to pulley clamping force. 
 During the development of a new variator with high 
torque capacity, a phenomenon was observed where the 
torque transmission capacity was not linear relative to 
pulley clamping force in the region of high pulley clamping 
force and high torque as shown in Fig. 2. This article 
presents the results of an investigation undertaken to clarify 
the mechanism causing this phenomenon, focusing on 
changes in the running radius of the chain.

2. Investigation of the cause of torque capacity decline

2.1 Calculation equation for torque capacity
 Torque capacity due to friction transmission can be 
expressed as shown in Eq. (1) below.
 T = F x R = Σ(μ x N x r) (1)
T:  torque capacity
F:  frictional force between chain and pulleys
R:  chain average running radius
μ:  coefficient of friction of each chain pin
N:  clamping force applied to each individual pin
r:  running radius of each pin

 It was assumed that changes in μ, N and r accompanying 
an increase in clamping force and torque were the reasons 
why the torque transmission capacity was not linear 

Hardware System Development Department*

Summary
A phenomenon occurred where the torque transmission capacity of a CVT chain did not increase linearly with pulley clamping 
force. It was confirmed by dynamic analyses and experimental measurements that the deviation of the running radius of the 
chain from the ideal path caused this phenomenon. Path deviation originated from pulley sheave stiffness. This finding now 
enables prediction of torque capacity and also supports execution of a suitable pulley stiffness design.

Clarification of the mechanism reducing torque 
capacity due to differences between the ideal and 

actual CVT chain path
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2.3 Change in clamping force applied to each individual pin
 Strain gauges were then attached to individual rocker 
pins in the chain as shown in Fig. 7 to confirm the change 
in the clamping force applied to each individual pin. The 
measured strain results from the entrance side to the exit 
side of the secondary pulley are plotted in Fig. 8 for the 
measurement conditions listed in Table 2.
 The measured strain was proportional to the clamping 
force of the secondary pulley, and it increased from the 
entrance side to the exit side where the chain wrapped 
around the secondary pulley. 
 The following reason was assumed for the sharp 
increase in strain toward the exit side as seen in the results 
in Fig. 8. As described in subsection 2.2, the path traced 
by the chain near the exit on the tension side was closer to 

relative to pulley clamping force in the region of high 
pulley clamping force and torque. The amount of change 
confirmed in each of these parameters is described in the 
following subsections beginning from 2.2.

2.2 Change in running radius
 Changes in the running radius relative to torque were 
measured under a condition of constant pulley clamping 
force. As shown in Fig. 3, gap sensors were placed at the 
entrance, center and exit positions of the chain where it 
wrapped around the secondary pulley in order to confirm 
the running radius at each point. The variator test bench 
shown in Fig. 4 was used to conduct measurement 
experiments.

 Table 1 lists the measurement conditions. Figure 5 
presents the measured results for the change in the running 
radius on the secondary pulley in relation to a radius 
difference of 0 mm when the input torque was 0 Nm. As is 
also described in Ref. (2), the results show that the running 
radius of the chain on the entrance side did not change with 
increasing input torque, but the values at the center and exit 
on the inside diameter side changed. Figure 6 is a schematic 
diagram of this radius shift.
 As the results in Fig. 5 illustrate, the running radius of 
the chain changed from the entrance side toward the exit 
side as input torque increased, which was accompanied by 
an increase in chain tension on the tension side. As a result, 
the chain followed a path closer to the inside diameter 
side at the exit position close to the tension side, which 
influenced the change in the running radius.

Fig. 3 Gap sensor installation position

Gap sensor

Entrance

Exit

Center
Gap sensor

Entrance

Exit

Center

Dyn-1 Belt
box

Gear
box

Dyn-2
Torque
meter-1

Torque
meter-2

Fig. 4 Variator test bench overview

Ratio - Low
Input speed Ni 3,000 rpm
Input torque T 0→390 Nm
Sec. pulley clamping force Fs 70 kN

Table 1 Measurement condition

 

Fig. 4 Variator test bench overview 
 
Table 1の実験条件にてトルク 0Nm時を 0㎜としたトル
クに対する Sec巻付半径変化の測定結果を Fig. 5に示
す．参考文献(2)でも述べられているが, チェーン巻付
半径はトルクの増加に従って入口側は変化せず，中央

及び出口は内径側に変化している結果が得られた．

Fig. 6にこの現象を模式的に表したものを示す． 
 

Table1 Measurement condition 

 

Fig. 5 Radius shift test result 
 

 
Fig. 6 Radius shift overview 

 

 

Fig. 5の結果のように, チェーンの巻付半径が入口

から出口に従って変化するのは, トルクの増加に伴って

チェーン張側の張力が増加するために, 張側に近い出

口側でチェーンがより内径側の軌跡を通る影響と考え

る． 

 

2.3 各ピンにかかる 1本あたりのクランプ力の変化 
次に各ピンにかかる 1 本あたりのクランプ力の変化を

確認するために，Fig. 7 に示すようにチェーン内のロッ
カーピン 1 本に歪ゲージを貼付け，Table 2 の条件で, 
セカンダリプーリ入口から出口までの歪量測定を行った. 
その結果を Fig. 8に示す． 
 

 
Fig. 7 Locations of strain gauges set on surfaces of 

pin. 
 

Table 2 Measurement condition 

  

 

Fig. 8 Measurement of strain gauges set on surfaces 
of pin. 

 

歪量は Sec推力に比例しており，セカンダリプーリの
チェーン巻付部の入口側から出口側にかけて歪量が

増加していることが分かる. 
Fig. 8 の結果のように, 出口にかけて歪が大きく増加

する理由は, 2.2 章で述べたように, チェーン張側に近
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2.4 Estimation of coefficient of friction μ
 In general, the coefficient of friction changes according 
to the sliding velocity and vertical load, and it decreases 
with increasing oil film thickness h in the boundary 
lubrication to mixed lubrication regime as indicated by a 
Stribeck curve.(3) As was made clear in subsection 2.3, the 
radius between the pulley and the pin end faces changes, 
so it is assumed that the sliding velocity also varies 
accompanying such radius changes. In this explication of 
the mechanism of interest, it was necessary to estimate the 
coefficient of friction using the sliding velocity and load at 
the position of each individual pin where the chain wrapped 
around the pulley. Accordingly, line contact was assumed 
for the contact between the pulley and the chain; the oil 
film thickness h under the condition of line contact was 
calculated using the Dowson-Higgison formula in Eq. (2).

   (2)

hmin :  minimum oil film thickness
ηo :  kinematic viscosity
ū :  sliding velocity
E :  Young’s modulus
Α :  coefficient of pressure-viscosity
W :  load
R :  equivalent radius of curvature

 Letting the Young’s modulus and other parameters in 
Eq. (2) be constants, it is assumed that the coefficient of 
friction has a negative first-order correlation with the oil 
film thickness. Equation (2) can then be replaced by Eqs. 
(2-1) and (2-2). This assumption was confirmed to be valid 
on the basis of experimental measurements.

 

い出口にてチェーンがより内径側の軌跡を通る結果 , 
ピンがよりプーリ内径側部分で挟まれることで, ピン自
体により大きな反力が発生するため出口に向かって歪

量が大きくなると推測した. 
 従来の設計手法では, プーリに巻き付いているピンに
は, ピン～シーブ面間の巻付半径や発生する荷重は
一定であるものとして計算していた. しかし, Fig. 5, Fig.8
の結果のようにピンは出口に向かいプーリ内径側に変

位することで, ピン～プーリ間の巻付半径と発生する荷
重は出口に向かい刻一刻と変化している . このため, 
プーリに巻付いているピン 1 本 1 本の状態に応じた巻
付半径rやクランプ力Nを(1)式に当てはめて設計計算
に織り込む必要があると考えた. 
 

2.4 摩擦係数 μの推定 
 一般的に，摩擦係数は滑り速度や垂直荷重によって

変化し，Stribeck曲線上で表される境界潤滑～混合潤
滑領域では，油膜厚さ hの増加と共に摩擦係数は小さ
くなる(3)．2-3章で明らかになったように, プーリとチェー
ンピン端面間では, 半径変化に伴う滑り速度変化も起
きていると考えられる. チェーン巻付部のピン位置各々
の滑り速度とピン荷重を用いて摩擦係数を推定すること

が今回のメカニズム解明においては必要である. そこ
で, プーリとチェーンの接触部は線接触であると考え, 
線接触下での油膜厚さを Dowson-Higginsonの式(2)で
求める. 
 

 
ℎ𝑚𝑚𝑚𝑚𝑚𝑚 :最小油膜厚さ 
η0 :動粘度 
u̅ :滑り速度 
E :ヤング率 
α :圧力粘性係数 
W :荷重 
R :等価曲率半径 
 

 (2)式のヤング率 Eなどを定数とおき, 摩擦係数
は油膜厚さに対して負の 1 次相関関係となると仮
定すると, (2)式は(2-1), (2-2)式で置き換えられる. こ
の仮定が正しいか実測から確認した. 

hmin = a ∙ 𝑢̅𝑢0.7 ∙ 𝑊𝑊−0.13                      
…(2-1) 

μ ∝１/hmin                               

…(2-2) 
a:定数 

 

ここで荷重W と滑り速度u̅に対する摩擦係数 μを求
める必要があるが，チェーン運転状態ではピン 1本の
μを測定することは難しいため, 図 9のような Pin-on-
disk方式にて, 単品状態で摩擦係数測定を実施した. 
荷重を 500～1,600N/本の範囲で滑り速度を変化さ

せて摩擦係数を測定した結果を Fig. 10に示す. Fig. 10
の測定結果を用いて, 横軸に滑り速度と荷重の積をとり
𝑢̅𝑢0.7 ∙ 𝑊𝑊−0.13として計算し, 縦軸にその時の摩擦係数を
Fig. 11に示す．この結果から, 摩擦係数は油膜厚さに
対して負の 1次相関であることが分かり, μは(2-1),(2-2)
で仮定した式を使って予測できることが分かった． 
 

 
Fig. 9 Pin-on-disk overview 

 

 
Fig. 10 μ measurement result 

 

 

Fig. 11 Friction coefficient result 
 

μ
[-

]

𝑢̅𝑢0.7  𝑊𝑊−0.13 [m/s/N]

…(2) 

 (2-1)
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は, ピン～シーブ面間の巻付半径や発生する荷重は
一定であるものとして計算していた. しかし, Fig. 5, Fig.8
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位することで, ピン～プーリ間の巻付半径と発生する荷
重は出口に向かい刻一刻と変化している . このため, 
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a: constant
 Here, it is necessary to calculate the coefficient of 
friction μ in relation to the load W and the sliding velocity 
u. However, because it would be difficult to measure the 
coefficient of friction for one pin during the operation of 
the chain, μ was measured in a single part test using a pin-
on-disk method as shown in Fig. 9. 
 Figure 10 presents the coefficient of friction results that 
were measured when the sliding velocity was varied in a 
load range of 500-1,600 N/pin. Using the measured results 
in Fig. 10, the vertical axis in Fig. 11 shows the coefficient 
of friction μ that was obtained in relation to the calculated 
product of the sliding velocity and load (ū0.7・W-0.13) on the 
horizontal axis. The results show that the coefficient of 

the inside diameter side. As a result, the pins were further 
compressed in the section on the inside diameter side, 
causing the pins themselves to generate large reaction force 
that increased the amount of strain toward the exit.
 With the traditional design method, the running radius 
between the pins wrapped around the pulley and the sheave 
face as well as the generated load were treated as being 
constant values in the design calculations. However, as 
indicated by the results in Figs. 5 and 8, the running radius 
between the pins and the sheave face and the generated 
load constantly change toward the exit owing to the 
displacement of the pins to the inside diameter side of 
the pulley. Accordingly, it was reasoned that the running 
radius r and clamping force N had to be applied to Eq. (1) 
according to the actual state of each individual pin wrapped 
around the pulley and thus incorporated into the design 
calculations.

Pin location
0 0.2 0.4 0.6 0.8 1

Exit

] 
% [ niarts evisserp

moC

30 kN 50 kN      70 kN       80 kN

Entrance

Fig. 8 Measurement of strain gauges set on surfaces of pin

Running 
direction

Strain 
gauge

10 mm

Fig. 7 Locations of strain gauges set on surfaces of pin

Ratio - Low
Input speed Ni 500 rpm
Input torque T 100 Nm
Sec. pulley clamping force Fs 30, 50, 70, 80 kN

Table 2 Measurement condition
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2.5 Torque capacity calculation reflecting the measured 
results
 The measured and calculated μ, N and r values were 
applied to Eq. (1) to calculate the torque capacity and the 
results are shown in Fig. 12. As seen in the figure, the 
values estimated with the new method are closer to the 
experimental results than those previously estimated. 

3. Explanation of mechanism causing non-proportional 
torque capacity relative to pulley clamping force

3.1 Mechanism causing non-proportional torque capacity
 It was shown in section 2 that the torque capacity can 
be calculated accurately. Therefore, an investigation was 
made of the mechanism causing the torque transmission 
capacity to be non-proportional relative to pulley clamping 
force.
 The results in section 2 made it clear that the value of 
Σr in the torque capacity calculation formula of Σ(μ x N x r) 
in Eq. (1) was smaller than the theoretical calculation. 
When Σr becomes smaller, in addition to a decline in torque 
transmission capacity, the shift toward the inside diameter 
side becomes larger, thus also increasing the sliding 
velocity. Because μ has the characteristic that it becomes 
smaller as the sliding velocity increases, Σ(μ x r) declines 
in the region of high pulley clamping force and high torque. 
This was assumed to be the mechanism causing the torque 
transmission capacity to become non-proportional.

3.2 Investigation of torque capacity sensitivity to 
differences in pulley deflection stiffness
 It was reasoned that pulley deflection stiffness was the 
parameter influencing the decline in r and μ. Measurements 
were made to verify if torque capacity would decline when 
deflection stiffness was intentionally reduced by shaving 

friction has a negative first-order correlation with the oil 
film thickness. This indicates that the coefficient of friction 
μ can be predicted using Eqs. (2-1) and (2-2) that were 
assumed above.
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4. Conclusion

    •  The running radius, clamping force and coefficient 
of friction of individual chain pins were confirmed 
on the basis of measured and calculated values. The 
results were used to calculate the torque capacity, 
enabling reproduction of the phenomenon where the 
torque transmission capacity was not proportional to 
pulley clamping force. The mechanism causing this 
phenomenon was thus clarified.

    •  It was found that pulley deflection stiffness must be 
improved to mitigate reduction of the torque capacity 
under a high clamping force condition.
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the back side of the pulley, i.e., the portion of the parking 
lock indicated in the red circle in Fig. 13. 
 The results presented in Fig. 14 show a tendency for 
torque capacity to decline further for a pulley with lower 
deflection stiffness. This indicated that pulley stiffness had 
to be improved in order to reduce the decline in torque 
capacity under a high clamping force condition. 
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2.5 実測結果を反映したトルク容量計算 

実測や計算で得られた μ，N，rを式(1)に当てはめ

て， トルク容量を計算した結果，Fig. 12のように実験
値により近い値で計算できるようになった.  

 

 

Fig. 12 Comparison of torque capacity between 
estimation and experimental value 

 

3. 推力に対しトルク容量が比例しない 
メカニズム解明 

 

3.1 トルク容量が比例しないメカニズム  
2章で精度よくトルク容量が求められることが分かった

ので,プーリ推力に対し伝達トルク容量が比例しないメカ
ニズムを検討する.   
式(1)のトルク容量計算では, ∑(μ × N × r)のうち, 

∑ 𝑟𝑟が理論計算に対し小さくなっていることが 2章の結
果で明らかになっている. ∑ 𝑟𝑟が小さくなると伝達トルク容
量が低下するのに加え, 内径側への変化が大きくなる
ことで滑り速度も増加する. μは滑り速度が増加すると小
さくなる特性から, プーリ推力及びトルクが高い領域で
は，∑(μ × r)が低下することで伝達トルク容量が比例し
ないメカニズムと推測した 

 
3.2 プーリ倒れ剛性違いでのトルク容量感度検証 

rやμの低下に影響するパラメータは, プーリ倒れ剛
性と考えた. 今回は Fig. 13 のようにプーリ背面(パーク
ロック部_赤丸部)を削って, 意図的に倒れ剛性を低くす
るとトルク容量が低下をするか実測検証を行った． 
 

 

 

 
Fig. 13 Overview of pulley stiffness change 

 
その結果，倒れ剛性を低くしたプーリは Fig. 14のよう

にトルク容量が更に低下する傾向がみられた. この結

果から, 高推力でのトルク容量低下の軽減にはプーリ

剛性向上が必要であることが分かった. 

 

Fig. 14 Torque capacity result between low rigid 
pulley and normal pulley 

 

4.まとめ 

 

・個々のピンの巻付半径, クランプ力, 摩擦係数を 
実測及び計算値で確認し, その結果を用いてトル
ク容量を計算することで, トルク容量がプーリ推力
に比例しない現象を再現することができ, メカニズ
ム解明ができた. 

・高推力でのトルク容量低下を軽減するにはプーリ 
剛性向上が必要であることが分かった.  
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Technical Report

1. Introduction

 The variator that provides the shifting capability of a 
continuously variable transmission (CVT) consists of a 
pulley assembly and a belt. There are two kinds of belts; 
one is more aptly called a pull chain (i.e., chain) and the 
other is a push belt (i.e., belt). A chain is mainly used 
on vehicles requiring high-torque capacity (Fig. 1). One 
advantage of a chain over a belt is lower friction, but chain 
noise is an issue, which has been addressed by reducing the 
pitch width or applying noise insulation materials, among 
other measures.
 In recent years, it has become necessary to downsize 
transmissions even for high-torque vehicles in order to meet 
the requirements of the automotive industry. Consequently, 
that has made it necessary to apply large clamping force to 
pulleys that are now smaller than before. The application 
of larger clamping force than in the past has caused an 
issue of chain noise due to microslipping, which is different 
from previous chain noise. This article describes a newly 

developed method that can suppress chain noise without 
changing the CVT hardware.

2. Chain structure and noise

2.1 Chain structure
 Figure 2 shows the structural parts of a chain and the 
motion that occurs when it curves around a pulley. A chain 
consists of two types of parts: pins and linkage plates. Two 
pins combined back-to-back constitute a pair that connects 
multiple linkage plates to form the chain structure. The 
adopted structure allows rolling contact between the pins 
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2.2 Chain noise
 The engine performance map in Fig. 5 shows the areas 
in which chain noise occurs. The area within the solid line 
is the region where chain noise has traditionally occurred 
due to string vibration originating from the pitch width. 
This chain noise occurs while a vehicle is coasting or 
gradually accelerating (area within the solid line in Figs. 5 
and 6). The reason for that is because string vibration is apt 
to occur when chain tension decreases in the case of a low 
torque input.
 The new chain noise observed in this development 
project occurred in a rapid acceleration situation where 
a low pulley ratio is used (area within the dashed line in 
Figs. 5 and 6). Because high torque is input to the variator 
during rapid acceleration, the clamping force is raised to 
avoid chain slippage. However, applying high clamping 
force causes microslipping owing to elastic deformation of 
the chain pins in the pulley radial direction. Because of the 
chain structure, such microslipping is a phenomenon that 
has also occurred with previous CVTs. However, it became 
apparent as a new chain noise in this project because 
microslipping increased accompanying the reduction of the 
chain’s running radius due to the downsizing of the pulleys. 
Figure 7 illustrates the force applied to a pin when 
clamping force is input to the chain and the resultant elastic 
deformation of the pin. The contact surface of the pulley 
with the chain pin is called the sheave face. Because the 
sheave face and the pin come in contact at an angle of 0 
deg., the application of clamping force gives rise to f_a 
and f_b as reaction forces of the clamping force and chain 
tension. The effect of these forces deforms the pin in the 
radial direction of the pulley, producing microslipping 
V between the sheave face and the pin. The contact 
point between the pulley and the pin at that moment also 
moves in the radial direction of the pulley, causing axial 

when the chain curves, which has the advantage of low 
friction because frictional losses can be reduced.
 Figure 3 compares the pitch width of a chain and a belt. 
A chain features larger pitch width than a belt. With large 
pitch width, the chain pins undergo polygonal winding 
motion as they wrap around the pulley. After a pin in a 
polygonal winding state exits the pulley, the next pin just 
behind it supports the chain tension. The repetition of this 
motion produces string vibration in the chain’s straight 
section, thereby inducing noise (Fig. 4). For that reason, it 
is known that a chain has a disadvantage regarding noise 
compared with a belt.
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3. Selection of parameters related to chain noise

 As described in foregoing subsection 2.2, the new chain 
noise that became apparent in this project originated from 
microslipping and was induced by larger vibration of the 
sliding pulley. In view of this mechanism, it was reasoned 
that this chain noise could be suppressed by reducing 
microslipping. The variator was then modeled in order to 
identify the parameters related to microslipping.

3.1 Modeling of variator
 As diagrammed in Fig. 9, the variator was modeled as a 
damped vibration system for the purpose of identifying the 
parameters involved in microslipping. The sliding pulley 
that vibrates was defined as the mass M, the spring constant 
of the total stiffness of the pins wrapped around the pulley 
as K, the sliding resistance accompanying movement of the 
sliding pulley as the damper C, the coefficient of friction 
between the sliding pulley and pins as μ, the clamping 
force as F, and the displacement of the sliding pulley due to 
microslipping at that moment as X.

3.2 Selection of parameters
 It was assumed that the new chain noise due to 
microslipping occurred in the operating region indicated 
in Fig. 6. Accordingly, it was necessary to suppress 
microslipping by envisioning various driving situations that 
occur in this region. In the variator model shown in Fig. 9, 
the total pin stiffness K that varies according to the running 
radius and the clamping force F at that moment were 
selected as parameters that can be controlled during vehicle 
operation. 
• Clamping force F: The clamping force between the 
pins and the pulley control the torque capacity when the 
variator transmits torque. Lowering the clamping force 

displacement X of the sliding pulley. Because contact 
between the chain pins and the sheave face is continuously 
repeated as the pulley rotates, the axial displacement X of 
the sliding pulley also repeatedly fluctuates, causing it to 
vibrate.
 The minimum running radius of the chain was reduced 
in this project accompanying the downsizing of the 
pulleys. A smaller minimum running radius also reduced 
the number of pins in contact with the pulley sheave face. 
For that reason, the clamping force applied to individual 
pins increased compared with that of previous chains. As 
a result, it was assumed that axial vibration of the sliding 
pulley would become larger as illustrated in Fig. 8, thereby 
leading to the occurrence of chain noise.
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multiplied by the total pin stiffness so as to enable judgment 
on the basis of a single function. The value thus obtained is 
referred to as self-excited vibration (SEV).
      　　SEV value = (η*V/F) *K
where η is the viscosity of the CVT fluid between the pins 
and the pulley sheave. Figure 13 shows the sensitivity of 
the side cover vibration to the proposed SEV value when 
the latter was varied. The experimental results confirmed 
that increasing the SEV value lowered the vibration level 
of the side cover. This result indicated that using the SEV 

results in insufficient torque transmission capacity. Raising 
the clamping force excessively, on the other hand, also 
increases the vibration X of the sliding pulley due to greater 
microslipping, as explained in subsection 2.2 (Fig. 8). 
Therefore, it is necessary to set the clamping force suitably 
so as to both ensure torque transmission capacity and 
suppress microslipping.

• Total pin stiffness K: In situations where the pulley ratio 
changes owing to the driving conditions, if the running 
radius of the chain becomes larger, as shown in Fig. 10, the 
number of pins wrapped around the pulley also increases. 
Letting k represent the stiffness of one pin, a parallel spring 
can be substituted for the pins wrapped around the pulley. 
The total stiffness K of the pins comprising the parallel 
spring increases as the running radius becomes larger. The 
higher the total pin stiffness K is, the more the displacement 
X of the sliding pulley is suppressed.

4. Confirmation of sensitivity to selected parameters

4.1 Sensitivity of vibration level to clamping force F
 An experiment was conducted to ascertain the 
sensitivity of the vibration level to the clamping force under 
certain given driving conditions. The vibration level was 
measured by attaching an acceleration sensor to the side 
cover of the CVT unit. The experimental results confirmed 
that a positive first-order correlation existed between the 
clamping force F and the vibration level (Fig. 11).

4.2 Sensitivity of vibration level to total pin stiffness K
 An experiment was conducted to ascertain the 
sensitivity of the vibration level to the running radius under 
certain given driving conditions. A larger running radius 
increased the number of pins wrapped around the pulley, as 
described in subsection 3.2, which also increased the total 
pin stiffness K. The experimental results confirmed that a 
negative first-order correlation existed between the total pin 
stiffness K and the vibration level (Fig. 12).

5. Proposal and validation of a judgement formula

 The sensitivity of chain noise to the clamping force F 
and the total pin stiffness K was respectively confirmed 
as explained above. However, these two parameters are 
interlinked and controlled under actual vehicle operating 
conditions. Therefore, a judgment formula is proposed here 
in which the Stribeck equation expressing the relationship 
between the coefficient of friction and the clamping force is 

Fig. 10 Total spring K according to running radius

Fig.11 Clamping force vs. vibration of side cover

V
ib

ra
tio

n 
of

 si
de

 c
ov

er

Clamping force

Fig.12 Total pin stiffness vs. vibration of side cover

Total pin stiffness

V
ib

ra
tio

n 
of

 si
de

 c
ov

er

Fig.13 Validation results for SEV value

SEV value = (η*V/P)*K

V
ib

ra
tio

n
of

si
de

co
ve

r

Fig. 11 Clamping force vs. vibration of side cover

Fig. 10 Total spring K according to running radius

Fig.11 Clamping force vs. vibration of side cover

V
ib

ra
tio

n 
of

 si
de

 c
ov

er

Clamping force

Fig.12 Total pin stiffness vs. vibration of side cover

Total pin stiffness

V
ib

ra
tio

n 
of

 si
de

 c
ov

er

Fig.13 Validation results for SEV value

SEV value = (η*V/P)*K

V
ib

ra
tio

n
of

si
de

co
ve

r

Fig. 12 Total pin stiffness vs vibration of side cover

Fig. 10 Total spring K according to running radius

Fig.11 Clamping force vs. vibration of side cover

V
ib

ra
tio

n 
of

 si
de

 c
ov

er

Clamping force

Fig.12 Total pin stiffness vs. vibration of side cover

Total pin stiffness

V
ib

ra
tio

n 
of

 si
de

 c
ov

er

Fig.13 Validation results for SEV value

SEV value = (η*V/P)*K

V
ib

ra
tio

n
of

si
de

co
ve

r

Fig. 13 Validation results for SEV value



105

Development of a method for suppressing CVT chain noise

(3)  “Introduction to the Continuously Variable Transmission̶
CVT,” Grand Prix Book Publishing Co., Ltd., Tokyo, 
2004 (in Japanese).

value makes it possible to suppress the vibration level in 
various driving situations envisioned in the area shown in 
Fig. 6.

6. Conclusion

 The minimum running radius of the chain was made 
smaller than before as a result of downsizing the pulleys 
in this project. That gave rise to a new chain noise issue 
caused by microslipping, which differed from previous 
chain noise. The method developed for suppressing 
this chain noise without changing the CVT hardware is 
summarized below.
(1)  Downsizing the pulleys increased the clamping force 

applied to individual pins. It was estimated that this 
would result in larger axial vibration of the sliding 
pulley, which would lead to the occurrence of the new 
chain noise.

(2)  It was confirmed experimentally that the vibration level 
of the side cover had a positive first-order correlation 
with the clamping force F and a negative first-order 
correlation with the total pin stiffness K. 

(3)  Based on the results in (2), the SEV value was proposed 
as the single criterion of a judgment formula. It was 
confirmed that the SEV value had a high correlation 
with the vibration level of the side cover.

 The results of this project have been applied to actual 
vehicles. Using the SEV value as a judgment criterion 
to suitably control the clamping force and the total pin 
stiffness has made it possible to suppress chain noise caused 
by microslipping.
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1． Introduction

 An automotive transmission uses a control valve to 
supply fluid to multiple hydraulic circuits and to regulate 
the pressure. Located inside the control valve is a spool 
valve that drains the excess portion of the fluid flow rate 
while adjusting the pressure. Loading forces induced by the 
fluid flow act on the spool valve during the draining process 
and exert various effects on the valve. 
 However, heretofore it has been difficult to measure 
the loading forces acting on the spool valve, although they 
have been calculated by fluid simulations. Consequently, 

it has not been known whether the simulation results 
have been correct. For that reason, judgments about the 
feasibility of changing transmission specifications have to 
be based on experimental evaluations of response, wear 
and other performance parameters. Because specification 
changes require judgments based on experimentation, a lot 
of trial and error is involved, which can affect the product 
development period.
 In this work, an experimental setup was built that can 
directly measure the loading forces acting on the spool 
valve. This paper presents the results measured with this 
setup, which confirm the validity of fluid simulations.

Summary
The control valve used in hydraulically controlled automotive transmissions contains a spool valve that drains the excess portion 
of the fluid flow rate while regulating the pressure. The complex flow around the spool valve exerts various loading forces 
on the valve. These forces can delay valve response owing to increased sliding resistance and also press the valve against the 
control valve body, giving rise to concern about valve body wear. Although the forces acting on the valve can be calculated 
by fluid simulations, it has not been known whether the simulation results are correct. Therefore, in this study a load cell was 
used to measure the loading forces directly. The results confirmed that the tendencies of the calculated results obtained by fluid 
simulations agreed well with those of the experimental data, thereby verifying the validity of the simulation results.

Clarification of parameters and development of a method 
for estimating loading forces acting on the spool valve of 

a hydraulically controlled automotive transmission
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The rod passed through a jig to come in contact with the 
load cell installed above. This structure made it possible to 
measure the loading forces acting on the spool valve using 
the load cell via the rod. 
 The structure of the experimental setup is shown in  
Fig. 4. The shape of the area around the spool valve in 
an actual control valve was cut out in the jig, and the 
attachment parts shown in Fig. 5 enabled the dimensions 
around the spool valve to be varied. This setup made it 
possible to determine how the loading forces were affected 
by the dimensions around the spool valve. 
 In addition, a screw was provided in the jig at the end 
of the spool valve for adjusting the amount of stroke from 
outside the jig so that the pressure would apply force to the 
rod at the proper stroke position during the experiment.
 Figure 6 shows the measured output of the load cell, 
representing the loading force applied to it when the 
upstream pressure was varied using the experimental setup 
described here. The specifications used in the experiment 
were a draft angle of 2.0 deg. and a groove depth of 11.5 
mm. The vertical axes show the pressure and the loading 
force applied to the load cell in relation to time on the 
horizontal axis. The red line is the upstream pressure and 
the black line is the loading force.
 The measured results show that the loading force rose 
along with the increase in the upstream pressure, indicating 
that the loading force followed the change in pressure. 
Presumably, this means that the flow rate increased 
owing to the differential pressure between upstream 
and downstream, thereby increasing the loading force 

2． Spool valve structure and confirmation of dimensional 
effects

 Figure 1 shows the structure of the spool valve for 
which experimental measurements were made in this study. 
As fluid flows from upstream to downstream, the loading 
forces produced by the fluid act on the valve to increase 
friction. That can cause a delay in responsiveness, which 
is a key characteristic for transmission control. In addition, 
the loading forces press the spool valve against the control 
valve body in which it is housed, giving rise to concern 
about valve body wear.

 The experiments measured the effects  of  two 
dimensions, the draft angle and the groove depth. It was 
inferred from fluid simulation results that these two 
dimensions affect the loading forces.
 The draft angle refers to the angle of inclination of the 
valve body wall and is defined as shown in Fig. 2. This 
inclination is provided to enable easy removal of the mold 
in the casting process, and the angle is retained by the valve 
body. The groove depth is defined as shown in Fig. 3.

3. Experimental setup

 It would be difficult to directly measure the loading 
force that the spool valve inside the control valve applies 
to the latter valve body. However, the experimental setup 
was designed so that the force applied by the spool valve 
can be measured by a load cell via a rod used as a probe. 
The position of the rod was determined from simulation 
results and by confirming the point from wear marks where 
the spool valve pressed against an actual valve body. A 
hole was then drilled at that position for installing the rod. 

Fig. 5 Attachment parts

Fig. 4 Structure of jig，attachment parts and rod
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5. Comparison of experimental and simulation results

 The results obtained for the effect of the draft angle 
are shown in Fig. 9. The graph plots the loading force on 
the vertical axis as a function of the draft angle on the 
horizontal axis. The blue line is the experimental result and 
the red line is the simulation result. A loading force of 6.3 
N was measured under a condition of a draft angle of 0 deg. 
It is seen that the loading force increased with a larger draft 
angle, and a value of 19.3 N was measured at an angle of 
2.0 deg. The results of the fluid simulation conducted under 
the same conditions show a loading force of 14.8 N under a 
condition of a draft angle of 0 deg. and a value of 24.6 N at 
an angle of 2.0 deg.

 Although there is some discrepancy in absolute values 
between the experimental and simulation results, both sets 
of data show the same tendencies and effects on the loading 
force, thus confirming the validity of the simulation.

produced by the fluid flow. These results confirmed that the 
experimental setup was capable of measuring the loading 
force.

4. Simulation model

 A 3D model was created of the jig, attachment parts and 
spool valve described above and used to conduct a fluid 
simulation of the loading force that was produced by the 
hydrodynamic force and acted on the position of the rod. 
 An example of the simulation model is shown in Fig. 7. 
The loading force simulated in this study acts in the annular 
clearance between the spool valve and the control valve 
body as illustrated in Fig. 8. Accordingly, computational 
accuracy was improved by modeling the annular clearance 
with a finer mesh. 
 The simulation conditions were aligned with those of 
the experiment. In both cases, the upstream pressure was 
5.7 MPa, the downstream pressure was 0.7 MPa, the fluid 
temperature was 50 °C, and the specification of the spool 
valve diameter was 17 mm.
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and a value of 3.8 N at a groove depth of 11.5 mm. 
 Although there is some discrepancy between the 
experimental and simulation results, both sets of data show 
the same tendencies, as was seen for the draft angle.

 The action of the following two factors can be 
considered to explain the reason for the effect of the groove 
depth on the loading force. 
(1)  The pressure rise induced by the collision of the fluid 

with the spool valve applies force to the circuit side. 
(2)  The pressure gradient between the back side and the 

circuit side raises the pressure on the back side, thereby 
applying pressure to the circuit side. 

 As shown in Fig. 13, the first factor concerning the 
collision of the fluid with the spool valve occurs as the fluid 
in the grooves on the back side flows toward the circuit 
side (Fig. 14). In the case of a deep groove depth, the flow 
spreads out before the collision occurs so the effect of the 
collision is smaller. In contrast, in the case of a shallow 
groove depth, the effect of the collision is larger so a 
pressure rise is observed.
 As shown in Fig. 15, the second factor concerning the 
pressure gradient occurs in the direction of the flow of the 
fluid between the spool valve and the valve body when 
the fluid in the grooves on the back side flows toward the 
circuit side. This is more pronounced for a shallow groove 
depth because the flow passage is narrower. The influence 
is small in the case of a deep groove depth (Fig. 16). As a 
result, the pressure on the back side rises compared with 
that on the circuit side, thus increasing the loading force.

 It is assumed that the reason for the effect of the draft 
angle on the loading force is that it produces a pressure 
unbalance between the circuit side and the back side, 
thereby applying force to the circuit side. 
 As the draft angle increases, a difference occurs in 
the size of the valve opening between the circuit side and 
the back side, with the opening becoming larger on the 
circuit side (Fig. 10). As a result, because the flow rate on 
the circuit side increases, the flow velocity becomes faster 
than on the back side. The pressure on the circuit side thus 
decreases, resulting in a differential pressure. The pressure 
around the spool valve on the circuit side declines locally to 
produce the pressure unbalance shown in Fig. 11.

 Figure 12 shows the results obtained for the effect of the 
groove depth. The loading force is plotted on the vertical 
axis as a function of the groove depth on the horizontal 
axis. The blue line is the experimental result and the red 
line is the simulation result. A loading force of 11.2 N was 
measured at a groove depth of 3.0 mm. The loading force 
decreased as the groove depth was increased, declining to 
3.3 N at a groove depth of 11.5 mm. The simulation results 
show a loading force of 9.1 N at a groove depth of 3.0 mm 
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6. Conclusion

(1)  Using a jig cut out in the shape of the area around the 
spool valve, a rod as a probe and a load cell, the loading 
forces acting on the valve were measured directly, 
which has been difficult to do heretofore.

(2)  A comparison of the experimental and simulation results 
revealed that there was some discrepancy in the absolute 
values, but both sets of data agreed well regarding the 
tendencies of the dimensional effects on the loading forces. 
This confirmed the validity of the simulation results.

(3)  This has now made it possible to make design judgments 
of transmission specifications at the development stage 
before conducting physical tests.
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1. Introduction

 The automotive industry is facing strict environmental 
regulations in every country around the world, and vehicle 
exhaust emission and fuel economy standards are continually 
being tightened. In order to cope with this situation, 
technologies for reducing the vehicle weight are becoming 
increasingly important. Studies are being conducted on ways 
of reducing the weight of the components of the automatic 
transmission that is a key vehicle part. 
 The control valve, one of the internal parts of an 
automatic transmission, optimally controls the pressure and 
flow rate of the hydraulic flow produced by the oil pump 
for supply to the working elements. It has been increasingly 
desired to reduce the weight of the control valve because it 
accounts for approximately 10% of the total weight of the 

internal parts, excluding the housing. Except for the high-
pressure hydraulic circuit and the bore hole into which the 
valve is inserted, research is already underway to change 
the material of the valve body, which secures electric and 
other components, from aluminum to plastic.
 In order to manufacture the bore of plastic, it is 
necessary to satisfy the performance required of the 
transmission fluid while suppressing any deformation from 
external forces such as the bolt tightening force. Because 
plastic has less stiffness than aluminum, it is difficult to use 
the same design method as that applied to the aluminum 
valve body geometry. 
 In this study, a method was extensively examined for 
simulating and predicting deformation of a plastic control 
valve body induced by the bolt fastening structure. A 
prototype control valve body was manufactured and tested 
to verify that it satisfied the required hydraulic performance. 

2. Structure of control valve body and issues involved in 
applying plastic

 The configuration of the control valve is shown in Fig. 1,  
and the functions of its component parts are explained below.
1)  Valve body: It consists of passages that supply hydraulic 

pressure and the bore that regulates the pressure together 
with the spool valve. It serves as the body for assembling 
the valve parts.

2)  Spool valve: It moves reciprocally under the input 
hydraulic pressure and spring force to regulate the 

Summary
It is becoming increasingly important to reduce the weight of automotive parts in order to improve the energy efficiency of 
vehicles. Lighter weight is also required for the control valve that serves as the mechanism for supplying hydraulic pressure 
in continuously variable transmissions (CVTs). One weight reduction approach is to apply plastic materials. The control valve 
body is fastened with bolts, and it is necessary to prevent fluid leakage while suppressing bore deformation. However, because 
plastic has low stiffness, the design method used for aluminum materials cannot be applied to a plastic control valve body. This 
article presents a study in which a simple finite element method model was used to confirm the influence of certain variables on 
bolt tightening force. It was verified experimentally that a plastic control valve body can satisfy the required hydraulic pressure 
performance while suppressing deformation.

A study on a bolt fastening structure of a plastic 
valve body for CVTs
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Fig. 1 Structure of control valve
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failure or abnormal pressure distribution.
2)  Insufficient sealing performance due to inadequate bolt 

tightening force: Bolts not only serve to fasten valve 
parts, they also have the function of ensuring sealability 
between parts by using the surface pressure produced 
between them at the time of tightening. Insufficient 
bolt tightening force can result in large gaps between 
the valve body and the case and the separator plate. 
Transmission fluid can leak through such gaps, causing 
the required flow rate to parts to be insufficient.

 Abnormal hydraulic pressure and insufficient flow rate 
are serious problems that can affect the entire functionality 
of an automatic transmission, so it is essential to ascertain 
the relationship between the bolt fastening structure and 
tightening force.

3. Simulation study of valve body deformation

3.1 Range of influence of axial force
 The axial force produced by bolt tightening torque 
is one cause of valve body deformation. The range of 
influence of bolt axial force on valve body deformation 
can be calculated with a method for determining the spring 
constant between the fastening bolt and the fastened valve 
body. With Shigley’s method, the spring constant of the 
fastened body can be calculated with Eq. (1) in the manner 
illustrated in Fig. 3. This calculation is based on the range 
of influence of axial force on the stiffness of the fastened 
body at the time of fastening.

           　　　　 (1)

where kf in the equation is the spring constant of the 
fastened body, γd is the diameter of the bolt seating surface, 
d is the diameter of the bolt shank, L is the valve body 

pressure according to the opening/closing of the 
passages.

3)  Separator plate: It connects the fluid passages between 
multiple valve bodies and also provides a sealing 
function between parts to prevent fluid leakage.

4)  Electric components (solenoids, sensors, distribution 
board, etc.): These parts actuate the control valve using 
electric signals and detect the operating conditions.

5)  Bolts and nuts: They fasten together the component parts 
of the control valve and fasten the control valve to the 
case. 

 The parts to be made of plastic in this study included 
the valve body and spool valve, as shown in Fig. 2. The 
functions that would be influenced are described below.
1)  Hydraulic pressure control and distribution: The 

reciprocal motion of the spool valve in the axial direction 
generates and distributes hydraulic pressure passing 
through the opening and closing of the entry/exit ports 
of the passages and supplies transmission fluid to parts 
requiring it.

2)  Assurance of flow rate: The sealing force between parts 
must be maintained to prevent fluid leakage.

2.1 Vulnerability and issues of a plastic control valve
 In general, plastic has only 6% of the stiffness of 
aluminum, so it is susceptible to deformation caused by input 
loads. Accordingly, the following two concerns must be 
carefully considered when designing a plastic control valve.
1)  Excessive valve body deformation induced by bolt 

tightening force: The tightening force of the bolts used 
to fasten the control valve can induce deformation in 
the valve body when the bolts are tightened. The bore 
with its hollow structure especially undergoes relatively 
large deformation. Excessive bore deformation makes it 
impossible to ensure the necessary minimum space for 
the sliding of the spool valve. That inhibits movement 
of the spool valve, which can cause pressure adjustment 

Valve bodySpool Bolt

Case SeparatorBore

Plug

Spring

Fig. 2 Structure of spool valve

α

Fig. 3 Shigley’s method for tightening structure
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lists the materials and meshes of the simulation model. 
 As shown in Fig. 5, the simulation results confirmed 
that the area influenced by the bolt tightening force became 
increasingly larger as the body thickness increased. 
Figure 6 presents a cross-sectional view of the simulation 
results for the surface pressure distribution of the model 
having varied heights. It is seen that above a certain body 
thickness the surface pressure region expanded in the shape 
of a second-order curve, which differed from the linear 
distribution indicated by Shigley’s method. For the thickest 
model, the surface pressure area of the plastic material was 
19% larger than that of the aluminum material.
 It will be noted that the stress distribution of both 
materials also displayed a second-order curve as shown 
in Fig. 7. Although the stress values generated in the two 
different materials differed, it was confirmed that the 
compressive stress distribution of the plastic material 
increased over a wider area than that of the aluminum 
material.
 Surface pressure is a parameter showing the contact 
pressure produced by the compressive deformation of 
two fastened members. The above-mentioned range of 
influence can be seen as the deformation distribution of 

thickness and α is the range of influence on the stiffness 
of the fastened body at the time of fastening. E is Young’s 
modulus.
 In general, it is assumed that 30° represents the value 
of the spring constant α of the fastened body. However, if 
the fastened body is thick and has a complicated shape, it is 
difficult to apply the formula above to the calculation.

3.2 Simulation of range of influence of axial force using a 
simple model
 A parametric simulation was conducted to ascertain the 
relationship between the bolt fastening structure and valve 
body deformation. First, a comparison was made of the 
range of influence of axial force for different valve body 
materials. That was done using a simple rectangular model 
consisting of the body, separator plate and the case, as 
shown in Fig. 4. 
 In order to investigate the surface pressure distribution 
corresponding to the body thickness, five levels of thickness 
were defined for a regular hexahedron model having an 
ample area. The shapes of the other parts were defined in 
the same way. A simulation was performed for plastic and 
aluminum valve bodies having five levels of height. Table 1 

Part Material Mesh
Body Plastic/Aluminum 3D/Tet
Separator Steel 3D/Tet
Case Aluminum 3D/Tet
Bolt/Nut Steel 1D

Table 1 Condition of simulation model

Fig. 4 Simple model for simulating tightening
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Fig. 5 Comparison of surface pressure of simple models
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Fig. 6 Surface pressure range for different materials
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Fig. 7 Comparison of stress distribution
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simulation results obtained with the simple model and 
considering the influence of fastening on sealability.
 Plastic material was specified only for the valve body 
containing the bore, and other parts were defined in the 
same way as in the simple model. 
 The amount of bore deformation and the contact 
pressure produced between two fastened members were 
confirmed while varying two parameters of the simulation 
model as indicated in Figs. 9 and 11. 

Bore deformation parameter: The amount of bore 
deformation was confirmed by varying the relationship 
between the bore center position and the bolt height for a 
fixed body thickness (Fig. 9).

 The simulation results for the bore deformation 
parameter are presented in Fig. 10. It is seen that bore 
deformation increased sharply when the bolt height was 
higher than the bore center position and that it was reduced 
when the bolt height was lower than the bore center.

Contact pressure parameter: The radius of the contact 
pressure range relative to changes in the valve body 
thickness was confirmed for a fixed relationship between 
the bore center position and the bolt boss height (Fig. 11).

 The simulation results for the contact pressure 
parameter are presented in Fig. 12. It is seen that the range 

the fastened valve body induced by the bolt axial force. By 
comparing the results for the surface pressure and the stress 
distribution, it is possible to predict the range of influence 
of the bolt tightening force on valve body deformation. 
Deformation of the bore can influence the movement of the 
spool valve. Defining the position of the bore away from 
this range of influence is one way of reducing the amount 
of bore deformation.

3.3 Simulation of range of influence of axial force using a 
bore model
 A parametric simulation was conducted to ascertain the 
bolt fastening structure for creating the necessary surface 
pressure between parts while suppressing bore deformation. 
That was done by using a simple bore model to predict the 
range of influence of axial force on bore deformation when 
the bolts were tightened. 

1) Simulation model and methodology
 As shown in Fig. 8, the simulation model replicated the 
valve body by taking into account a single hollow bore and 
the bolt fastening structure. The number of bolts, the body 
length and the distance between bolts were defined using 
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measured in relation to time. As confirmed by the results in 
Fig. 14, the hydraulic pressure reached the necessary level 
within the target time following the issuance of the current 
command.
 Hydraulic hysteresis was also measured under the 
application of a pressure change at a certain level. The 
results in Fig. 15 confirm that the pressure fluctuation was 
below the target level.

of effective contact pressure increased with a thicker valve 
body. 
 The sensitivity graphs in Figs. 10 and 12 confirmed 
the sensitivity of bore deformation and the radius of the 
effective contact pressure range. That made it possible to 
determine a bolt fastening structure for satisfying both of 
these required characteristics. 

4. Experimental validation

 The simulation results revealed that bore deformation 
decreased with a higher bore center position and that the 
range of effective contact pressure widened with a thicker 
valve body. However, the weight also increased, so a 
simulation model for comparison with experimental data 
was created using specifications from among the results that 
satisfied both criteria and reduced the weight the most. This 
model was used to simulate bore deformation for making a 
comparison with the experimental results.

4.1 Comparison of simulation and experimental results for 
bore deformation 
 Using a plastic valve body having the same geometry, 
bore deformation was measured for various levels of 
bolt tightening torque. The experimental and simulation 
results are compared in Fig. 13. Although the simulated 
bore deformation differed from the experimental results 
by 61.7% and 63.4% under low and high tightening torque 
conditions respectively, the results confirmed that both sets 
of data show the same tendencies.

4.2 Validation of plastic control valve hydraulic pressure 
performance
 An experiment was conducted with the same model to 
validate the hydraulic pressure performance. As the first 
step, the indicated current and hydraulic pressure were 
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5. Conclusion

 This study analyzed the bolt fastening structure in 
conjunction with the application of plastic to the control 
valve body. The following conclusions were drawn from 
the results.
1)  It was confirmed that the transmission range of bolt axial 

force varied with the material of the fastened valve body 
and that it can be predicted by simulation.

2)  It was found that bore deformation of a plastic valve 
body can be predicted, confirming that even the sliding 
part of the spool valve can be made of plastic, in addition 
to component parts that are simply fastened.

3)  Based on parametric simulations of a plastic valve body, 
a bolt fastening structure was proposed that satisfies the 
criteria for bore deformation suppression and hydraulic 
pressure performance.
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1. Introduction

 Progress has been made in recent years in fully 
automating the transport devices of forging equipment to 
achieve high-efficiency production. For that reason, control 
systems have become more complicated than those of 
previous equipment, making it more difficult to pinpoint the 
true cause of a failure when one occurs. The failure diagnosis 
procedures used by maintenance personnel to repair failures 
and their failure diagnosis time vary depending on the 
knowledge and skills of each individual. 
 This article describes an equipment failure diagnosis 
system that has recently been created in which artificial 
intelligence (AI) was used to incorporate the tacit 
knowledge, i.e., skills, know-how and experience, of 
veteran maintenance personnel. This system has proved to 
be effective in shortening the mean time to repair (MTTR).

2. Present status

2.1 Present status of forging equipment
 Figure 1 shows MTTR data for assembly, casting, 
machining and forging equipment. It takes more time 

to repair and restore forging equipment compared with 
assembly, casting and machining equipment.
 Figure 2 shows a percentage breakdown by task of the 
MTTR for forging equipment. The percentages indicate that 
diagnosis time is the next longest task after recovery time. 
 Progress was made in automating assembly equipment 
beginning from the 1990s. The equipment composition 
was established, and accumulated data and skills have been 
reliably handed down to support short diagnosis times.
 In contrast, automation of forging equipment has 
advanced rapidly in the past decade or so. Existing large-
scale forging machines were automated and connected by 
transport devices to form the forging line. Along with the 
increased complexity of the control system, the causes of 
failure also vary widely. Consequently, one factor causing 
longer MTTR for forging equipment is that differences 
in the skill levels of maintenance personnel are clearly 
reflected in their diagnosis time.

Production Administration Department*

Summary
Forging equipment has advanced in recent years to support fully automated production, making control systems more 
complicated. This has required more time for identifying the causes of equipment failures when they occur. Therefore, artificial 
intelligence (AI) was used to develop an equipment failure diagnosis system that converts the tacit knowledge possessed by 
veteran maintenance personnel into explicit knowledge. This article describes the system that has been implemented to reduce 
the time needed for diagnosing the causes of failures.

Implementation of an AI-based forging equipment 
failure diagnosis system
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taken to narrow down the candidates differed from that of 
the inexperienced maintenance personnel. 

(3) Identifying the cause of a failure
 It was found that veteran maintenance personnel 
perform a mental why-why analysis in the process of using 
the methods in (1) and (2) above and quickly identify the 
cause of a failure based on rules and principles. Their 
accuracy in identifying the causes of failures also differed 
from that of the inexperienced maintenance personnel.

 Therefore, in order to close the gap in diagnosis time 
due to the skill levels of maintenance personnel, it was 
decided to build a model line and develop an equipment 
failure diagnosis system.

3. Development of an equipment failure diagnosis system

3.1 Development aim
 The purpose of this equipment failure diagnosis system 
is to enable anyone to perform a failure diagnosis equal 
to that of veteran maintenance personnel in a short period 
of time. Accordingly, anyone who uses this system can 
efficiently acquire the knowledge and skills possessed by 
veteran maintenance personnel.

3.2 System configuration
 The system uses AI to learn the normal equipment 
operating conditions so that it can automatically identify the 
cause of a failure when an alarm occurs. 
 Figure 4 shows the system configuration, which can be 

2.2 Failure recovery method
 Figure 3 outlines the flow of the failure recovery 
method used by maintenance personnel. The results of 
an analysis of the failure recovery time of veteran and 
inexperienced maintenance personnel revealed that their 
diagnosis time differed by 40 minutes.
 A survey was conducted to clarify the reasons for 
the difference in diagnosis time between veteran and 
inexperienced maintenance personnel. Veteran maintenance 
personnel were interviewed concerning their failure 
diagnosis procedures, and a comparison was made with 
inexperienced maintenance personnel regarding the 
following three perspectives to clarify what was different 
between the two groups.
(1) Search for the condition triggering an alarm
 When veteran maintenance personnel arrive at the site 
of a problem, they check the condition of the equipment 
and alarm details and consider whether a similar situation 
occurred in the past. On that basis, they propose candidates 
as possible causes of the failure. It was found that the 
number of their candidates differed from that of the 
inexperienced maintenance personnel.

(2) Confirmation of conditions when an alarm occurs
 Veteran maintenance personnel carefully observe and 
remember the normal operating conditions of equipment 
on a regular basis. In diagnosing a failure, they operate 
the equipment and reproduce the conditions at the time 
an alarm occurred. By comparing the operation and 
signals with the normal conditions, they narrow down the 
candidates for the possible cause of the failure. The time 

Start of failure cause 
diagnosis

Questioning about conditions 
when alarm occurred

Confirmation of equipment 
condition

Confirmation of alarm 
details

(1) Search for condition 
triggering alarm

(2) Confirmation of 
conditions at time of alarm 

(３) Identification 
of the true cause

Replacement/adjustment 
of parts

Trial
operation

2nd 
confirmation

End

Replacement
work

Veteran maintenance 
personnel

Inexperienced maintenance 
personnel

Comparison of diagnosis time

Diagnosis
time

Diagnosis time 55 min. Diagnosis time  95 min.

Fig. 3 Flow of failure recovery
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 Calculating and learning large volumes of device data 
every time would put an enormous load on the CPU of the 
PC for failure analysis. To avoid that, Welford’s method 
was used to perform mean and variance calculations. 
This calculation method repeats a procedure whereby the 
difference from the previous data is calculated and reflected 
in a cycle diagram as the standard deviation. An example 
of a learned cycle diagram is shown in Fig. 5. In one cycle 
of a cycle diagram, the system learns the data from all 
the acquisition devices that number approximately 8,000 
in total, including sensors, push buttons and others. The 
system learns the time-history data and timing and records 
the standard deviation and the current data as waveforms.
 As one example, the equation for calculating the mean 
with Welford’s method is shown below. 

  

として平均の「Welfordの方法」の計算式は以下のとおり. 
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The recurrence relation of the equation above is expressed 
as:

 

として平均の「Welfordの方法」の計算式は以下のとおり. 

𝜇𝜇! =
1
𝑛𝑛%𝑥𝑥"

!

"#$

 

上記の漸化式は以下のとおり. 

𝜇𝜇!%$ =
1

𝑛𝑛 + 1
(𝑥𝑥!%$ − 𝜇𝜇!) + 𝜇𝜇! 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

 

 

 

 

 

 

 

 

 

μｎ+1: updated mean
μn: mean calculated the previous time
xn+1: newly obtained collected data
n: number of collected data

3.4 Database of individual causes of failure
 In order to quickly and accurately identity failure 
causes, it is essential to create in advance a database 
containing the causes of failures that have occurred 
previously. A failure history list was made, and a database 
of individual failure causes was created that summarizes the 
time when alarms occurred, the device causing each failure 
and other details. 

broadly divided into two sections. One is a data acquisition/
storage device group consisting of a Supervisory Control 
and Data Acquisition (SCADA) system for collecting 
operating condition data in real time, mainly by means of 
sensors attached to the equipment and push buttons, and a 
file server for storing the data. The other is a PC equipped 
with an AI program for performing a failure analysis using 
the data stored in the server. The PC performs the data 
exchanges, learning and analysis.

3.3 Method of learning normal operating data
 In order for the system to learn the normal equipment 
conditions, the AI-equipped PC for failure analysis reads 
operating data from the file server when no alarms have 
been issued. 

Sensors, 
push buttons, etc.

Production equipment 

SCADA

File server

PC for failure 
diagnosis

Collected 
data

Analysis history

Collection of all 
equipment data

Data acquisition/
storage device group

SCADA (Supervisory Control and Data Acquisition)
This computer system provides remote centralized monitoring and control 
at one location of various production machines at the plant and elsewhere. 
It collects and centrally records data from sensors and other devices. 

Fig. 4 System configuration

Blue line: Learned data

Red line: Current data

Standard deviation

Fig. 5 Learning screen of a cycle diagram
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Fig. 5 Learning screen of a cycle diagram
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 The newly developed system uses AI to automate 
the skills that veteran maintenance personnel possess for 
narrowing down candidate failure causes. This capability 
markedly shortens the time needed for identifying the 
cause of a failure by eliminating the need to operate the 
equipment and to reproduce the conditions present when an 
alarm occurs. 
 As a result, using this AI-based failure diagnosis system 
has reduced failure diagnosis time by 84%.

4. Future issues

 An analysis of the methods used by veteran maintenance 
personnel to diagnose failures revealed the logic that 
maintenance personnel have traditionally applied in 
diagnosing the causes of failures. That made it possible 
to convert the tacit knowledge of veteran maintenance 
personnel into explicit knowledge.
    It is planned to deploy this system horizontally on other 
production lines in the future and also to use it to improve 
maintenance personnel educational methods that have been 
practiced heretofore.
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3.5 System for failure diagnosis
 The instant an equipment alarm occurs the present 
cycle diagram is cut into sections and a comparison is made 
of the sectioned current cycle diagram and the previously 
learned cycle diagram. Devices showing a mean exceeding 
±3σ among all the device data are narrowed down as 
failure cause candidates.
 The narrowed down candidates are cross-checked with 
data in the database for individual failure causes, and a 
matching device is identified as the cause of the failure. 
If multiple matching devices are found, the time when the 
alarm occurred is cross-checked with the database and a 
matching device is identified as the failure cause. 

3.6 Effectiveness of AI-based failure diagnosis system
 It has become possible to narrow down failure cause 
candidates by teaching the system the normal operating 
conditions of the equipment and making a comparison with 
the cycle diagram when an alarm occurs.(1) In addition, the 
accuracy of judgments for identifying failure causes has 
been improved by drawing upon the knowledge of veteran 
maintenance personnel. 
 The implemented system can search for the cause of a 
failure in the shortest diagnosis time possible without being 
influenced by the skill levels of maintenance personnel. 
Figure 6 shows the effect of the system on reducing 
diagnosis time following its implementation. 

84% 
reduction

Veteran maintenance personnel Using the system
Inexperienced maintenance personnel

Fig. 6 Effect on improving diagnosis time
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1. Introduction

 Ghost noise originating from abnormal tooth surface 
geometry is an issue related to the noise and vibration 
produced by the transmission. This study focused on the 
gear honing method that is the cause of such abnormal tooth 
surface geometry. As a result of investigating the cause, it 
was found that abnormal tooth surface geometry originates 
from unusual gear honing machine vibration. Because 
such vibration can be detected based on the level of its 
magnitude, stable manufacturing quality has been ensured 
by monitoring the vibration level for all gears produced on 
the honing machine. This paper describes the details of the 
investigation.

2. Ghost noise

2.1 Explanation of ghost noise
 Among the types of noise stemming from the 
transmission, gear noise originates from gear meshing, 
striking sounds are caused by gear nicks, and rattles are 
produced by backlash. Gear noise originating from gear 
meshing includes an order component (referred to here 

as the first order of gear meshing) matching the number 
of meshing gear teeth, order components that are integral 
multiples of the meshing order, and ghost noise having 
an order component other than the integral multiples. It is 
necessary to eliminate this ghost noise because it is heard as 
an annoying abnormal noise in the cabin.

2.2 Example of ghost noise analysis and its cause
 Figure 1 presents an analysis of cabin noise data at 
the time ghost noise was detected for a transmission. The 
horizontal axis shows the noise orders per axle rotation, 
the vertical axis is the driving time with acceleration/
deceleration events, and the different colors indicate the 
cabin noise level. The data show that the 0.8th-order 
component that deviated from the first-order component 
of gear meshing was higher compared with other order 
components. 
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Summary
Ghost noise originating from gear accuracy is one issue concerning automotive transmission quality. In this study, it was 
determined that abnormal gear honing machine vibration, which can suddenly occur during machining, is transferred to the gear 
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shown in Fig. 4. Following hobbing and gear shaving, 
carburizing and quenching are performed. Heat treatment 
strain occurs during quenching, causing deformation of the 
tooth profile and tooth trace geometry. Gear honing is then 
performed to correct that deformation, and the tooth surface 
geometry is smoothed to suppress the occurrence of gear 
noise. 

3.2 Gear honing process
 Gear tooth surfaces are finished to high accuracy in 
the honing process performed on a gear honing machine. A 
honing wheel with internal gear geometry is engaged with 
the workpiece gear to execute tiny cuts and tooth surface 
smoothing as the rotating wheel is pressed against the 
workpiece. The configuration of the gear honing machine is 
shown in Fig. 5.

 Tooth surfaces of the internal-gear honing wheel are 
dressed with an electrodeposited diamond dressing wheel 
to the accuracy desired of the finished gear. Dressing forms 
the tooth surfaces of the honing wheel to high accuracy. The 
honing wheel is then used to finish-machine the gear tooth 
surfaces. In this process, the accuracy of the honing wheel 
is transferred to the workpiece to obtain high-accuracy gear 
tooth surfaces (Fig. 6). 

 The gear causing this higher order component was 
then identified by conducting tests in which the parts of 
the transmission were replaced in turn, and the accuracy 
of the identified gear was investigated. The measured 
gear surface data in Fig. 2 show the presence of abnormal 
undulation geometry. In addition, a spectrum analysis was 
performed on the measured gear surface data. High values 
were found for the spectrum corresponding to the 0.8th-
order component detected in the cabin noise, and the order 
coincided with ghost noise. Figure 3 presents the results of 
a spectrum analysis performed on the measured tooth trace 
data.
 The foregoing results revealed that the true cause of 
the ghost noise examined in this study was the undulation 
geometry of the gear tooth surface. This indicated that the 
cause of ghost noise could be identified by analyzing the 
tooth surface geometry in detail.

3. Explanation of gear honing

3.1 Gear manufacturing processes
 The sequence of processes in gear manufacturing is 

Fig. 3 Gear data measured at the time of ghost noise 
detection: Measurement of periodic component error

First-order component error of meshing
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Fig. 4 Outline of gear manufacturing processes
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4.3 Explanation of frequency of measured machine 
vibration 
 In evaluating the measured data of gear honing machine 
vibration, an investigation was made of the vibration 
frequency leading to ghost noise. The spectrum of the 
gear that produced ghost noise showed a 0.8th-order 
component (= periodic component error). Assuming that 
this order component was influenced by vibration that 
occurred during gear honing, the vibration frequency can 
be calculated from the workpiece shaft rotational speed. In 
this study, the workpiece shaft rotational speed was 3,052 
rpm and the 0.8th order occurred per workpiece rotation. 
Accordingly, the vibration frequency can be calculated as 
follows:
 vibration frequency (Hz) =  rotational speed (rpm) x 

number of teeth (25 teeth) x 
0.8/60 ≒ 1,017 Hz

Therefore, it was assumed that this order component was 
influenced by vibration of approximately 1 kHz. The 
workpiece was clamped in the tailstocks by means of a jig. 
The excitation point response function of the workpiece 
was measured at the place where impact excitation was 
applied. It was confirmed that the response function 
displayed an eigenvalue at the above-mentioned frequency 
of approximately 1 kHz. The frequency response function 
data at the excitation point are shown in Fig. 8. Accordingly, 
it was decided to evaluate the vibration level focusing on 
vibration in the vicinity of 1 kHz.

4.4 Relationship between spectrum analysis values for tooth 
surface geometry and gear honing machine vibration values
 Figure 9 presents the results of an investigation of the 
correlation between the vibration acceleration peak value 
of the gear honing machine near 1 kHz and the spectrum 
quantity (0.8th-order component) of the tooth surface 

 Because this honing method transfers the honing wheel 
accuracy to the gear tooth surfaces, the occurrence of 
rotational speed fluctuation or center distance fluctuation 
can change the contact condition between the honing 
wheel and the tooth surfaces, thereby affecting accuracy. 
Consequently, if vibration that causes center distance 
fluctuation occurs during machining, undulation geometry 
is apt to occur on the machined tooth surfaces. Because gear 
honing is the process that determines the final tooth surface 
geometry, the tooth trace undulation geometry found on the 
gears examined in this study was assumed to have occurred 
in the honing process.

4. Measurement of gear honing machine vibration

4.1 Vibration measurement positions on gear honing 
machine
 A method of monitoring the state of the gear honing 
machine during the honing operation was examined in 
order to investigate whether the tooth surface undulation 
geometry that was the focus of interest in this study 
actually occurred in the gear honing process. It was decided 
to measure the vibration of the tailstocks supporting the 
meshing reaction forces between the honing wheel and the 
workpiece.

4.2 Method of measuring machine vibration
 Measurements were made by attaching an acceleration 
sensor and an amplifier to the gear honing machine. These 
devices are generally used to measure machine vibration. 
The configuration of this vibration measurement system is 
shown in Fig. 7.

Vibration sensor Amplifier

Gear honing machine

Fig. 7 Vibration measurement on gear honing machine

Dressing gear Workpiece

Honing wheel (Internal gear)

Same 
geometry

Transferring of 
tooth face 
geometry of 
dressing gear to 
the honing wheel

Transferring of 
tooth face 
geometry of 
honing wheel to 
the workpiece

Fig. 6 Honing wheel, dressing gear and workpiece
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to stabilization of manufacturing quality. Figure 10 shows 
an example of the vibration monitoring data obtained daily 
on the mass production line.
 As shown in Fig. 10, a judgement criterion (red line) 
has been defined in relation to the measured vibration data, 
making it possible to prevent the release of unacceptable 
products. This has now made it possible to ensure the 
quality of all manufactured gears.

6. Conclusion

 This study investigated the cause of ghost noise that 
originates from abnormal tooth surface geometry and is one 
issue of the noise and vibration produced by an automotive 
transmission. 
 (1)  It was found that ghost noise is caused by periodic 

component error originating from the tooth surface 
undulation geometry.

 (2)  It was shown that evaluating the vibration level of 
the gear honing machine can be substituted for an 
evaluation of the periodic component error.

 Based on these results, the release of defective gears 
can be prevented by monitoring the vibration level of the 
gear honing machine.

geometry. The figure shows a high correlation between the 
two values. This means that an evaluation of the vibration 
level of the gear honing machine can be substituted for a 
spectrum evaluation of the tooth surface geometry.

5. System for monitoring gear honing machine vibration

 As explained here, a high correlation is seen between 
vibration acceleration at a specified frequency and the 
spectrum quantity of the tooth surface geometry. This 
implies that monitoring the vibration level can enable the 
detection of defective gears. Moreover, if honing machine 
vibration can be suppressed to a certain specified level, the 
spectrum quantity of the gear tooth surface geometry can be 
kept to a low level. Therefore, this can be expected to lead Hideaki MATSUISHI Toshirou SHIMOSAKA Yuya NAKATANI

■　Authors　■
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1. Introduction

 In 2003, JATCO launched a monozukuri improvement 
program as a collaborative activity with our suppliers.(1) 
Initially, emphasis was put on reducing costs (C), but 
quality improvement (Q) based on quality checkups was 
added later.(2)-(3)

 After the Chuetsu earthquake in Niigata prefecture in 
2004, a business continuity management (BCM) activity 
was also started together with suppliers. Through the 
implementation of measures to disperse production centers 
and to ensure stocks of parts, among other things, certain 
results have been obtained for ensuring delivery (D) even 
in the event of subsequent earthquakes, floods or other 
natural disasters. Moreover, in more recent years a fire at a 
semiconductor factory, an infectious disease pandemic and 
other concerns have occurred that have wide-ranging and 
long-lasting effects. Accordingly, there is growing interest 
in further strengthening the resilience of the supply chain 
and in methods of collaboration in this age of the new 
normal. 
 This article describes the current status and envisioned 
future of support for supplier monozukuri engineering. 
I t  p resen ts  spec i f ic  examples  o f  suppl ie r  BCM 
support following recent natural disasters, and remote 
improvement activities through the use of information 
and communications technology (ICT) under the current 
COVID-19 pandemic. 

2. Activities of the Purchasing Monozukuri Support 
Department

 Suppliers, too, have their own production engineering 

and process engineering functions, but their systems 
and actual capabilities vary depending on the size of the 
company and its policies. Sometimes they cannot respond 
to JATCO’s QDC management system requirement 
immediately. Resolving QDC issues that straddle suppliers 
and JATCO is also within the scope of the activities of the 
Purchasing Monozukuri Support Department as part of its 
production engineering function (Table 1). 

Purchasing Monozukuri Support Department*

Summary
This article describes purchasing engineering activities carried out by the Purchasing Division to support efforts to improve the 
competitiveness of our parts suppliers. It also includes examples of activities for Business Continuity Management and digital 
transformation that we have been emphasizing in recent years. JATCO aims to further strengthen the resilience of our supply 
chain through support for suppliers’ monozukuri reforms.

Supply chain resilience through monozukuri 
engineering support

Takayuki KURATA*

Objective New products Existing products 

Q 

Quality 

- Support for production 
preparation 
・Simultaneous  

engineering 
・4M interviews/  
design reviews 

・PPAP 
（Production Parts 
Approval process） 

- Quality checkup score 
improvement 
・Process 

improvements, 
 GK (workplace 
management ) 

・Failure analysis  
and recurrence 
prevention 

D 

Delivery 

- Project schedule 
management 

- BCM 
・Serious failure 

support 

C 

Cost 

- Production design 
- Investment reduction 

proposals 
- Planned JEPS (Jatco 

Excellent Production 

System) 

- Improvements based 
on IE (industrial 

engineering )  methods 
- Tooling 

improvements/ 

logistics improvements 
- Introduction of  

in-house process 

improvements 

M 

Management 

- Employee education support 

・Information on JATCO in-house training 
programs 

・QC circle activities  

・Monozukuri exchange meetings 

Table 1 Activities of Purchasing Monozukuri Support 
Department
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 In addition to its regular activities for improving 
quality, reducing costs, etc., the department flexibly deals 
with various problems that occur irregularly. The following 
section describes examples of irregular efforts that that 
were undertaken in fiscal 2021.

3. Examples of irregular efforts

 Japan is struck by natural disasters nearly every year, 
and some suppliers suffer damage from flooding and 
landslides caused by torrential rain. Another issue caused 
by the spread of COVID-19 infections in 2020 has been the 
difficulty of visiting suppliers’ plants to carry out activities 
according to the “Sangen Principles” (i.e., actual place, 
actual object and actual condition). 
 Presented here are examples of BCM carried out to 
deal with flood damage suffered by suppliers and remote 
improvement activities under the pandemic situation.

3.1 Damage at a parts supplier due to flooding above the 
floor level
 In July 2021, a stationary front that formed over the 
eastern part of Shizuoka prefecture caused a torrential 
downpour. The parking lot in JATCO’s Head Office district 
was partially flooded and the factory of a parts supplier 
partner was also inundated with water above the floor level 
(Fig. 1).
 Figure 2 outlines JATCO’s supplier risk management 
scheme. The Purchasing Administration Department carries 
out supplier risk management activities through a cloud 
network like that shown in Fig. 3. During normal times, 
information on suppliers’ recovery lead time is managed in 

Fig. 1 Flooding caused by torrential rainfall in eastern 
Shizuoka prefecture (July 2021)

Corporate Planning Dept.
Corporate risk management

Production Administration 
Dept.
Production BCM

Purchasing Administration Dept.
Supplier BCM Team

SCM Dept.
Supplier risk management

Production Administration 
Dept.
SSKT
(machinery improvements)

Purchasing Monozukuri
Support Dept.
Purchasing Engineering

Parts Purchasing Dept.
Parts Centered Team

Normal times: 
BCP planning
BCM: 
Company-wide 
secretariat (no direct 
contact with suppliers)

Normal times: 
Mobile team for in-
house manufacturing 
improvements
BCM: 
Centered action team 
on recovery operations

Normal times: 
THANKS activity for 
QDC + confirmation of 
& support for BCM 
situation
BCM: 
Advance team

Risk management 
based on information 
network
Normal times: 
Updating of supplier 
database
BCM: 
Thorough 
investigation of 
suppliers in a 
disaster-affected area

Normal times: 
Supplier QDC 
management
BCM: 
Collection of 
information from 
disaster-impacted 
suppliers

Company-wide corporate risk coordination

Normal times: 
Stock volumes 
management based on 
envisioned risks
BCM: 
Creation of optimal 
production plan 
matching the conditions

Parts suppliers

Fig. 2 Supplier BCM scheme
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3.2 Remote improvement activity with parts suppliers
 THANKS is an acronym for Trusty and Harmonious 
Alliance Network Kaizen activity with Suppliers, which 
is a collaborative effort with suppliers for improving 
production lines. In this activity, JATCO personnel visit 
suppliers’ plants, and suppliers and JATCO people share 
their wisdom for promoting improvements based on the 
“Sangen Principles.” However, the impact of COVID-19 

infections that expanded into a world-wide pandemic from 
the beginning of 2020 resulted in restrictions on overseas 
travel as well as requests for self-restraint regarding travel 
in Japan and face-to-face activities. Subsequently, online 
meeting applications became more familiar than before, 
but the following are examples of activities conducted with 
overseas suppliers around the autumn of 2020 at a time 
when some of them were not yet used to having remote 
meetings. 
 In conducting an online meeting about production 
workplace improvements, a manager at a supplier brought 
a PC connected to a Web camera to the shop floor. 
Observations were made of the workplace in accordance 
with methods for workplace improvements, and measures 
for improvements were proposed and implemented (Fig. 4).
 This activity was carried out when both sides were 
unfamiliar with a remote meeting environment, and there 
were anxieties about how much could be accomplished. 
Yet, once we began to hold online meetings, various good 
aspects beyond our expectations became apparent. 
 First, many participants were able to focus on 
observing the same place of an operation simultaneously. 
Ordinarily, only around one or two observers can come 
close to the place of an operation on a narrow production 
line especially in assembly operations. However, using 
a live camera to transmit the scene remotely enabled 
many meeting participants to confirm the work operation 
with their own eyes (Figs. 5 & 6). Everyone from the 
employees in charge to the managers on both sides 
were able to confirm simultaneously an operation in a 
production workplace at an overseas plant. It became 
clear that this enabled the participants to notice things and 
actually propose more ideas for improvements. In this 
example, the manager, who normally does not go along 
on a plant visit, was able to participate remotely from 
home. He was able to point out differences from JATCO’s 
in-house manufacturing methods, which enabled work 
procedures to be improved and eliminated the need for 
double checking.
 Another benefit that can be cited is that meetings were 
held efficiently in terms of frequency and duration. Travel 

a database, and a report on damage conditions following the 
occurrence of a disaster is requested through the system. 
 In the event a supplier needs recovery support, the 
Production Administration Department dispatches a mobile 
improvement team called SSKT. This team was active in 
the past following disasters, including torrential flooding in 
Saga, earthquake damage in Kumamoto and a factory fire 
in Ibaraki. 
 However, when damage has actually occurred, it 
sometimes takes time to judge whether or not to dispatch 
a working team on account of confused or delayed 
information from a supplier. Often it is necessary to start 
gathering information anew after arriving at the disaster 
site. In order to deal with this problem, the initial response 
system for emergencies was reviewed in fiscal 2021. If 
disaster information is available, an advance team from 
the Parts Purchasing Department and the Purchasing 
Monozukuri Support Department heads to the site before 
additional information is obtained from the supplier. Based 
on an action guide, they judge whether information needs 
to be gathered and whether support for the working team 
is needed, ascertain the scale of the damage, and determine 
what supplies and materials are required.
 This recently created action guide was utilized 
following flood damage in the eastern part of Shizuoka 
prefecture. The advance team members reached the area 
in the morning on the first day of the recovery activities. 
After confirming the parts stock status and the extent of 
the damage, they requested the Production Administration 
Department via a hot line to dispatch the SSKT team and 
subsequently collaborated with the SCM Department and 
the supplier in drawing up a recovery plan. The SSKT 
recovery team also joined them in the afternoon on the first 
day and immediately initiated support activities. In this 
way, the flow of recovery efforts progressed smoothly.
 Although some parts delivered to overseas had to be 
transported by air, the production schedule of JATCO’s 
assembly line was not seriously affected. The recovery work 
was nearly completed within two weeks. The importance of 
obtaining accurate information in advance from suppliers 
on their parts stocks and plant facilities during normal times 
also became a point for reflection. Accordingly, an activity 
was launched to actually visit the plants of suppliers having 
a potential risk of damage from natural disasters and to 
confirm their production workplace conditions as well as to 
build a communications system focused on BCM as a key 
point.
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time. Naturally, confirmation of the production workplace 
based on the “Sangen Principles” is absolutely necessary, 
but it was found that skillfully combining the “Sangen” and 
remote meetings made it possible to speed up activities. As 
a result, more proposals for improvement were accumulated 
in this example than the fiscal year target without traveling 
overseas once.

4. Future issues

 Accompanying the progress of hardware/software in 
the digital realm, we are also working to promote a digital 
transformation (DX) of our monozukuri activities. The 
procedures for emergency treatment of actual objects in 
workplaces and for promoting improvement activities will 
not change, but we believe that activities can be further 
quickened and efficiency enhanced by utilizing drones, 
smart glasses and other new devices. 
 The above-mentioned BCM example concerned flood 
damage, but dealing with earthquake risks is also necessary 
in Japan. When a production plant is damaged by an 
earthquake, we cannot enter the plant and check damage to 
the production equipment until the safety of the building is 
confirmed. Although this is still a proposal at the conceptual 
level, we are examining the possibility of using home-
delivery drones to check the conditions inside the plant 
before the safety of the building is determined. Together 
with the Production Administration Department, we are 
now investigating drones, qualifications for operating them, 
applicable laws and regulations, training methods and other 
details.  
 Smartphones and PCs are currently the mainstream 
devices  b rought  in to  p roduc t ion  workplaces  as 
communications tools, but trials are also being conducted 
on wearable devices with respect to safety and operability. 
Smart googles that support mixed reality (MR) and smart 
glasses for video communications have also been acquired 
and their usability, ease of operation and other aspects 
are being confirmed. MR devices superimpose a virtual 
model or a PC screen on a real-world view, enabling actual 
equipment and devices to be scanned, and the results are 
converted to data. However, smart googles have certain 
issues such as a heavy feeling when worn and requiring a 
large communications capacity (Fig. 7).
 In contrast, smart glasses like those in Fig. 8 resemble a 
hands-free smartphone and represent devices that we want 
to adopt for the time being because of their convenience 
and ease of use. 

time that has no added value was eliminated because 
meetings were attended without traveling, so short meetings 
could be scheduled frequently. For example, a 30-minute 
morning meeting was held to determine the details of a 
production trial that day, preparations were made, and the 
results were confirmed in a 30-minute evening meeting 
after the trial. Activities were carried out without any lost 

Fig. 4 Remote improvement at an overseas plant

Fig. 5 Live online meeting via a Web application

Fig. 6 Work observation
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QDC competitiveness of our suppliers in normal times, we 
confirm the status of their BCM preparations and provide 
support. In this way, we confirm their production workplace 
conditions and build communications links with suppliers. 
 We are continuing to further strengthen supply chain 
resilience through these activities.
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5. Conclusion

 This article has described the activities of the 
Purchasing Monozukuri Support Department that provides 
a production engineering function. In the area of supplier 
BCM, the ability to take immediate action is essential 
in disasters. Our aim is to have the capability to identify 
process-like problems and the power to energize a network 
within and outside the company to implement solutions, 
even if we do not have specific support technologies. 
Toward that end, in addition to activities to improve the 
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Fig. 7 Smart googles for mixed reality

Fig. 8 Smart glasses
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1. Present situation

1.1 Background
 The Human Resources Development ＆ General 
Administration Department aims to provide more timely 
and higher quality services in order to respond flexibly 
to operating environment changes within and outside the 
company and to the evolving needs of the employees, 
referred to here as our customers. 
 However, employee data, forming the basis of such 
services, was being circulated mainly through legacy 
core systems that had been in place for a long time since 
launching (Fig. 1). When creating an employee list or 
other documents, much manual work had to be done 
every time such as adding and deleting information after 

downloading the data. Among the operations performed by 
the Department, creating and providing data for customers 
involved many man-hours and long lead time, so numerous 
improvements were necessary.  
 The Department previously formed an internal digital 
transformation (DX) promotion team and was making 
vigorous efforts to implement work process improvements 
from various perspectives. However, the way in which 
basic employee data was kept, among other things, stood 
out again as an issue preventing substantial efficiency 
improvements. 

1.2 Digitalization policy
 To deal with the issue above, it was decided to 
strive for business reforms (DX) using information and 

Human Resources Development & General Administration Department*

Summary
The Human Resources Development ＆ General Administration Department digitalized peripheral operations of legacy core 
systems while making full use of the systems. That was done to respond flexibly to operating environment changes within 
and outside the company and to the changing needs of JATCO employees who are the Department’s customers. The activities 
undertaken increased the number of team members capable of promoting digitalization themselves and led to a further advance 
in DX promotion throughout the entire Department.

Promotion of DX in the Human Resources 
Development ＆ General Administration 

Department: Acquiring skills for digitalization
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the current situation of work processes and to identify 
issues. The following activities were carried out with the 
representatives of each team in the Department.
 A list was made of the frequency report preparation 
for customers and the outputs of peripheral operations of 
the legacy core systems were visualized. As an example, 
Employee Basic Data Report #1 was being created once a 
month.
 Next, a list was made of the data and related information 
downloaded from the legacy core systems for creating 
the various outputs, and the inputs of each operation 
were visualized. For example, Employee Directory A and 
Employee Contact List B were needed to create Employee 
Basic Data Report #1.
 A flow chart was then created and visualized to show 
the work steps involved in creating the outputs from the 
inputs. For example, in creating Employee Basic Data 
Report #1, Employee Directory A was downloaded and 
combined with Employee Contact List B. Unnecessary data 
fields were deleted, half-width and full-width characters 
were unified, and the results were saved for use by 
subsequent processes.
 The final activity was to identify redundant tasks in the 
flow chart and to eliminate waste by applying the concept 
of eliminate̶reduce̶combine̶simplify. For example, 
Employee Directory A was used for both Employee Basic 
Data Report #1 and Employee Basic Data Report #2 and 
was downloaded twice under the procedure used at that 
time. The number of downloads was reduced to one time 
and the Directory was shared with others. 
 The most difficult aspect here was to accurately 
ascertain the frequency of manual tasks and the number 
of hours required. Until the results were finalized, it 
was necessary to repeat the above-mentioned activities 
numerous times and to have lengthy discussions. In 
contrast, by thoroughly carrying out Step 1), the processes 
needing to be digitalized could be clarified.

2) Determination of digitalization items and selection of 
ICT tools
 In determining the digitalization items, the same 
members as the step above carried out the following 
activities.
 The optimized flow chart from which waste had been 
eliminated was re-evaluated, and the processes team 
member tasks required long lead times or many hours of 
work were analyzed to clarify the factors involved.
 The functions and features of ICT tools were 
investigated by gathering information from inside and 

communications technology (ICT) tools. Two major policy 
proposals were examined in this regard.
• Proposal 1: To implement a large-scale system
 Implementation of a new system that would encompass 
the existing legacy core systems and all the peripheral 
business systems.
• Proposal 2: Collaboration based on multiple small-scale 
systems
 Digitalization of peripheral operations while making 
use of the legacy core systems and implementation of 
commercial general-purpose systems for each specific 
purpose.
 After examination, Proposal 2 was adopted for the 
following three reasons:
(1) Able to implement it ourselves
(2) Able to shorten lead time
(3) Able to respond to internal needs in an agile fashion
    
 In trying to digitalize the peripheral operations handled 
by the legacy core systems, there were various things that 
could not be easily covered by one commercial general-
purpose system because the types of operations involved 
were so numerous. Due to the ongoing implementation 
of commercial general-purpose systems in each business 
process, the volume of requests to the peripheral operations 
of the legacy core systems for data downloads and other 
tasks increased sharply. Therefore, it was decided to put 
priority on shortening lead time and being able to make 
improvements by ourselves, with the DX Promotion Teams 
in the Department playing a central role. The details of the 
improvements are described in the following section. 

2. Improvements

2.1 Purposes
 The improvements made this time had two main 
purposes:
 • To make the work of producing data more efficient, and
 • To shorten the lead time for providing data.

2.2 Approach
 The approach taken consisted of three steps, based on 
QC story. First, efforts were made to thoroughly ascertain 
the current situation, visualize the current process and to 
eliminate all waste. After that, ICT tools for advancing 
digitalization were selected, and then digitalization was 
carried out.
1) Work process visualization and elimination of waste
 The first things that were tackled were to visualize 



135

Promotion of DX in the Human Resources Development ＆ General Administration Department: Acquiring skills for digitalization

feasibility was confirmed in relation to the diagram created 
in the previous step illustrating the items before and after 
digitalization. For example, several thousand rows of data 
must be processed when creating Employee Basic Data 
Report #1. At the prototype stage, however, the scope of the 
data was made more compact and a trial run was conducted 
to see if it could actually be processed as expected.
 The next task was to arrange each of the digitalization 
items into a rough schedule outline, after which it was 
incorporated into a detailed work-based schedule, keeping 
the following two points in mind.
i.  Assigning of time for acquiring skills.
ii.  Determining the frequency of progress checks based on 

each item level of difficulty.
 Time for acquiring the necessary skills for digitalization 
was assigned through both off-the-job training (Off-JT) and 
on-the-job training (OJT). Fundamental knowledge of ICT 
tools (10%) was acquired through the below two Off-JT 
methods, and practical skills (90%) were acquired in OJT 
based on communication with in-house experts. 
 • In-house training sessions.
 • Watching online videos.
 The frequency of progress checks was determined 
according to the level of item level of difficulty. For 
example, the progress checks for high difficulty items 
was handled by daily casual meetings lasting around 20 
minutes; that of medium-level items was handled in once-a-
week meetings of one hour as a general yardstick. 
 While personnel data in the legacy core systems served 
as the basis of the activities described above, peripheral 
operations that previously had to be done manually were 
digitalized (Fig. 2). As a result, a shared data platform was 
constructed through which necessary data can be obtained 

outside the company. For example, one of the ICT tools 
investigated was robotic process automation (RPA), which 
records the PC operations performed by an employee in 
downloading data from a system. The operations are later 
reproduced making it possible to automate them.
 With regard to each factor, each ICT tool was evaluated 
in terms of two criteria̶effectiveness and practicality. The 
most effective tools were then selected. For example, RPA 
was rated as being highly effective for downloading data 
from legacy core systems, but its practicality was rated low 
because special skills are needed to actually use it.
 The final activity was to summarize the factors and the 
tools adopted to digitalize them into “digitalization items.” 
A diagram was then created to illustrate the items before 
and after digitalization. 
 Based on the investigations mentioned above, a total of 
five digitalization items were selected.

3) Implementation of digitalization items
 One of the people responsible for promoting DX in 
the Department and the person in charge of the business 
operation pertaining to each item worked together as a 
pair in carrying out the following activities to implement 
digitalization.
 The details of the target data of each item and the proper 
handling procedure in terms of data security were confirmed, 
and the process for proceeding with digitalization was 
determined. For example, Employee Basic Data Report #1 
contains personal information that must be treated carefully. 
Accordingly, only designated members were allowed to 
access the data during the digitalization process. 
 Next, prototypes with 10% completion were developed 
for each digitalization item in around one week. Their 
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motivation of other Department employees not directly 
involved. In the course of implementing the digitalization 
items, interest in the activities rose within the Department. 
Department employees and teams that had not been 
involved in the activities initially also joined in the 
efforts under way, which had the synergistic effect of 
employees motivating each other. That produced additional 
improvements which had not been originally planned.

2.5 Reflections and conclusions
 The policy adopted this time was to utilize legacy core 
systems combined with the implementation of commercial 
general-purpose systems for different purposes. Under 
this policy, efforts were exerted to improve operational 
efficiency and to shorten response time by digitalizing 
peripheral operations of legacy core systems. 
 Digitalization was not something that was easy to 
accomplish, but the members of the Human Resources 
Development & General Administration Department 
undertook the challenge of doing it with a spirit of wanting 
to make improvements by themselves. They succeeded 
in improving both operational efficiency and customer 
response time. Considering that the activities also resulted 
in secondary benefits such as further development of 
Department personnel, it is conceivable that this 3-step 
approach could be one useful reference for others 
promoting workplace-initiated DX efforts in the future.

3. Going forward

 The Human Resources Development & General 
Administration Department reduced manual operations and 
quickened customer response time though the digitalization 
items implemented this time. Going forward, we want 
to advance DX toward further service improvements by 
making skillful use of the time gained through improving 
efficiency together with the digitalization knowhow 
accumulated to date.

according to needs at hand.
 The benefits of these improvements are described in the 
following discussion.

2.3 Effects of improvements
 Figure 2 illustrates the status of the legacy core systems 
after digitalization of the peripheral operations. 
 The effects of the improvements regarding the two main 
purposes of digitalization are shown in Table 1.

2.4 Secondary benefits
 In addition to the effects noted in the table, the 
digitalization efforts mentioned here also provided an 
opportunity to obtain the following secondary benefits.

1) Employee development
 One of the secondary benefits is that these activities led 
to further development of the Department’s employees. The 
following benefits were confirmed in this regard.
 A passive attitude toward using ICT tools was 
improved through the improvements made to our business 
operations. Many of the Department’s employees gained 
their first experience with digitalization through the work 
of promoting the digitalization items. As a result, their 
anxiety about using unfamiliar ICT tools decreased after 
the activities compared with before undertaking them. 
A positive attitude now exists regarding consideration 
of implementing ICT tools in future efforts to improve 
business operations.
 The activities led to the development of digitally 
capable employees, thereby increasing the number of 
Department employees able to promote digitalization. 
The digitalization items undertaken this time provided 
an opportunity for employees to improve their skills to 
the extent that approximately 70% of them are now able 
to develop related tools. It is likely that the horizontal 
deployment of such tools and further improvements can be 
completed within the Department in the future.

2) Synergies toward further digitalization
 Another secondary benefit is that it heightened the 

Table 1 Effects of improvements

Aim Impact

①  To make the work of 
producing data more efficient

Reduced man-hours 
by about 70%

②  To shorten the lead time for 
providing data

Reduced response 
time by about 95%

Michael DAWSON

■　Author　■
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Introduction to Products

The Jatco CVT7 (JF015E) is installed on the new Sandero released by Dacia, a Renault Group brand, in the European market 
in January 2021. Thanks to its auxiliary transmission, the JF015E features wide ratio coverage and low friction, in addition to a 
substantially updated control system. These features combine with the latest 1.0L 3-cylinder turbocharged engine to contribute to 
substantially improved fuel economy and driveability. The transmission is optimally tuned to match the concept of a hatchback, 
reflecting the needs of the European market. That feature achieves both excellent dynamic performance and quietness, which are 
highly praised by customers.

Introducing the Jatco CVT7 (JF015E)
for the Dacia Sandero

Dacia Sandero

Fig. 1 Main cross-sectional view

Torque capacity 142 Nm
Torque converter size 205 mm
Pulley ratios 2.200 - 0.550
Auxiliary transmission gear 
ratios

1st 1.821
2nd 1.000
Rev. 1.714

Ratio coverage 7.3
Final gear ratio 3.882
Selector positions P, R, N, D, L
Overall length 334 mm
Weight (wet) 70.1 kg (2WD)

Table 1 Specifications of JF015E
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Introduction to Products

The Jatco CVT8 (JF016E) is installed on the new Duster that Renault launched in the Russian market in March 2021. The 
JF016E is distinguished by its superb shift response and markedly reduced friction, which combine with Renault’s latest 1.3L 
4-cylinder turbocharged engine to contribute to improved vehicle fuel economy and driveability. The JF016E is optimally tuned 
to match the concept of a 4WD SUV, thus reflecting the needs of the Russian market. That characteristic provides dynamic 
driving performance in the “4x4 Lock” mode that is highly regarded by customers.

Introducing the Jatco CVT8 (JF016E)
for the Renault Duster

Renault Duster

Table 1 Specifications of JF016E

Torque capacity 250 Nm
Torque converter size 235 mm
Pulley ratios 2.631 - 0.378
Ratio coverage 7.0
Final gear ratio 5.694
Selector positions P, R, N, D

+7-step manual shift mode 
Overall length 375.2 mm
Weight (wet) 95.2 kg (4WD)

Fig. 1 Main cross-sectional view
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The Jatco CVT8 (JF016E) is installed on the new Outlander that Mitsubishi Motors Corporation launched in North America in 
April 2021. The new Outlander was developed in a collaborative project by the Renault-Nissan-Mitsubishi alliance. Developed 
for use on Mitsubishi Motors vehicles, the JF016E provides outstanding shift performance, thanks to its new control valve and 
shift-by-wire system adopted for the first time. It brings out the full performance of the new 2.5L engine, thereby contributing to 
the attainment of both high power output and excellent fuel economy, leading to high acclaim from our customers.

Introducing the Jatco CVT8 (JF016E)
for the Mitsubishi Outlander

Introduction to Products

Mitsubishi Outlander

Fig. 1 Main cross-sectional view

Torque capacity 250 Nm
Torque converter size 236 mm
Pulley ratios 2.631 - 0.378
Ratio coverage 7.0
Reverse gear ratio 0.745
Final gear ratio 5.694
Selector positions R ← N ← H → N → D/M

+ P button
Overall length 362.3 mm
Weight (wet) 94.0 kg (2WD) / 94.8 kg (4WD)

Table 1 Specifications of JF016E
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The Jatco CVT7 W/R (JF020E) with 2WD specifications is installed on the Nissan AD and the Nissan NV200 Vanette that 
Nissan Motor Co., Ltd. released specifically for the Japanese market in May and July 2021, respectively, following the 
implementation of minor model changes. The CVT7 W/R is distinguished by its wide ratio coverage and low friction. The 
effects of these features combine with the automatic stop-start system, newly added for the first time to the AD and the NV200 
Vanette, to contribute to a significant improvement in vehicle fuel economy. This is the first application of the CVT7 W/R on 
Japanese commercial vehicles. The planetary gear set was further strengthened to ensure the durability needed for long-distance 
driving that characterizes commercial vehicles. 

Introducing the Jatco CVT7 W/R (JF020E)
for the Nissan AD and NV200 Vanette

Introduction to Products

Nissan AD Nissan NV200 Vanette

Fig. 1 Main cross-sectional view

Table 1 Specifications of JF020E

Torque capacity 147 Nm
Torque converter size 205 mm
Pulley ratios 2.200 - 0.458
Auxiliary transmission gear 
ratios

1st 1.821
2nd 1.000
Rev. 1.714

Ratio coverage 8.7
Final gear ratio 4.055
Selector positions P, R, N, D, L
Overall length 376.7 mm
Weight (wet) 73.4 kg
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Nissan Caravan

The JR710E 7-speed automatic transmission (AT) for rear-wheel-drive vehicles is mounted on the Nissan Caravan, which is 
fitted with a 2L/2.5L gasoline engine and was released by Nissan Motor Co., Ltd. in Japan in October 2021. This is the first 
application of the JR710E on a cab-over vehicle. Compared with the 5-speed AT used heretofore on the Caravan, the 7-speed 
JR710E provides wider ratio coverage, increasing gear steps and also widens the lock-up operating region. As a result, it 
contributes significantly to improving the fuel economy, emissions performance, driving performance, quietness and driveability 
of the vehicle. Moreover, the added manual shift mode is also highly acclaimed by customers.

Introducing the JR710E 7-speed Automatic 
Transmission for the Nissan Caravan

Introduction to Products

Fig. 1 Main cross-sectional view

Table 1 Specifications of JR710E

※ 2L 2WD

Torque capacity 178 Nm
Torque converter size 250 mm
Gear ratios 1st 4.783

2nd 3.102
3rd 1.984
4th 1.371
5th 1.000
6th 0.870
7th 0.775
Rev. 3.858

Ratio coverage 6.31
Final gear ratio (reference) 3.700
Selector positions P, R, N, D 

+ M shift
Overall length 769.5 mm
Weight (wet) 92 kg
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Topics

1. Participation in JSAE Annual Spring and Autumn 
Congresses

 JATCO Group company employees presented a total 
of four technical papers at the Annual Spring and Autumn 
Congresses of the Society of Automotive Engineers of 
Japan, Inc. (JSAE).
 The Spring Congress was held May 26-28, 2021. Because 
of the impact of the novel coronavirus (COVID-19), the Spring 
Congress was held online. A JATCO employee presented a 
paper entitled “Development of mass-production die-casting 
technology for heat-resistant, high-strength magnesium alloy.” 
He talked about the mass-production die-casting technology 
developed for manufacturing the magnesium alloy case of 
JATCO’s new 9-speed automatic transmission for rear-wheel-
drive vehicles. A JATCO Korea Engineering Corp. employee 
presented a paper entitled “Development of a method for 
suppressing CVT chain noise.” He described the method 
developed for mitigating noise, based on a clarification that 
the balance between chain stiffness and pulley clamping force 
correlates with chain noise. 
 The Autumn Congress was held October 13-15, 2021 
and was also convened online like the Spring Congress. A 
JATCO employee presented a paper entitled “Clarification 
of the mechanism reducing torque capacity due to 
differences between the ideal and actual CVT chain path.” 
He explained that deviation of the CVT chain from the 
ideal path was the mechanism causing torque capacity to 
decline. Another JATCO employee also presented a paper 
entitled “Stabilization of Gear Machining Accuracy by 
Controlling Gear Honing Machine Vibration.” He explained 
that suitable control of honing machine vibration leads to 
suppression of ghost noise. 

2. Participation in JFPS International Symposium on Fluid 
Power

 The 11th JFPS International Symposium on Fluid Power 
was held online October 12-13, 2021. A JATCO employee 
presented a paper entitled “Clarification of Parameters and 
Development of a Method for Estimating Loading Forces 
Acting on The Spool Valve of a Hydraulically Controlled 
Automotive Transmission.” He explained that the forces acting 
on the spool valve inside the control valve were calculated by 

a fluid analysis and their accuracy was verified experimentally. 

3. Participation in the planning of JAMBE

 Ten domestic vehicle manufacturers and parts makers, 
including JATCO, and the Japan Automobile Research 
Institute (JARI) agreed to establish the Japan Automobile 
Model-Based Engineering Center (JAMBE) to promote the 
nationwide diffusion of model-based development (MBD) in 
Japan’s automotive industry. A briefing to explain JAMBE to 
the media was held on September 24, 2021 as an inaugural 
event. A JATCO company officer participated in the event 
online and talked about his thoughts and expectations of 
JAMBE as a member of the steering committee.

Source: JAMBE

4. Jatco CVT7-equipped vehicle named Compact SUV of 
the Year by a leading car magazine in India

 The Nissan Magnite, equipped with the Jatco CVT7, 
was named Compact SUV of the Year by BBC TopGear 
India, one of that country’s leading car magazines. The 
Jatco CVT7 contributes to the vehicle in the following three 
ways.
• D-step control(1) reduces the rubber-band feeling(2).
•  The auxiliary transmission provides a wide gear ratio 

Highlights of 2021
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500” organizations for three consecutive years now, 
including 2019 and 2020. 
 JATCO and JE conduct nutrition education, health 
promotion activities such as walking and other events, 
along with in-house efforts to raise employees’ health 
consciousness through wall posters and other means. 
Health is positioned as one of management’s activities, and 
managerial-level people actively issue health messages both 
within and outside the company. The recognition of these 
activities resulted in the certification.

7. Certified as a “Sports Yell Company 2021” by the Japan 
Sports Agency

 Companies that actively undertake sports activities 
to promote the health of their employees are certified by 
the Japan Sports Agency as a “Sports Yell Company.” The 
purpose of this recognition is to encourage the installation 
of sports facilities for the prime working generation and 
to foster a social momentum towards sports. Four JATCO 
Group companies were certified this year as a “Sports Yell 
Company 2021”: JATCO Ltd, JATCO Engineering Ltd, 
JATCO Tool Ltd and JATCO Plant Tec Ltd, out of a total 
of 623 certified organizations. The four companies were 
highly evaluated for undertaking activities to promote 
employees’ health by providing opportunities for exercising 

range that delivers a feeling of powerful acceleration.
• Smooth, responsive shifting that distinguishes a CVT.
(1) Control procedure that provides AT-like shift performance.

(2)  With accelerator-on, a condition where the engine speed flares 
first with vehicle acceleration catching up later.

5. Recipient of Superior Quality Award given by GMMC

 GAC Mitsubishi Motors Co., Ltd. (GMMC) gave 
JATCO (Suzhou) Automatic Transmission Limited (JSZ) 
a Superior Quality Award on March 22, 2021. GMMC 
presented this award to just ten companies among the 
more than 300 suppliers it does business with. GMMC 
commented that, “JSZ’s product quality was outstanding 
in FY 2020. JSZ always resolves quality issues promptly 
and efficiently and actively responds to our customers’ 
requests. With its strong customer awareness, JSZ delivers 
outstanding products and at the same time it values the 
importance of providing high-quality service.”

6. Certified as “Health and Productivity Management 
Organization 2021 (White 500)”

 JATCO Ltd and JATCO Engineering Ltd (JE) were 
certified as a “Health and Productivity Organization 2021 
(White 500).” This certification is given by the Ministry 
of Economy, Trade and Industry (METI) to commend 
enterprises that practice superior health and productivity 
management. JATCO and JE have been certified as “White 
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 JATCO Engineering’s Torque Rechecker Circle 
participated in the Shizuoka Area QC Circle Satsuki 
Convention that was held on May 21, 2021 for the 6,311th 
time. They received the Area Head’s Prize, securing the right 
to attend the Tokai Branch’s Championship Conference held 
in September as the representative of the Shizuoka area. 
Their theme this time was “elimination of the breaking of the 
torque wrench tie band.” This improvement example was put 
together by the vigorous efforts of a young female employee 
who served as the team leader for the first time in her second 
year with the company. 

10. Cooperation with Fuji City’s local vaccinations against 
the novel coronavirus

 JATCO’s medical staff cooperated with a local program 
undertaken by Fuji City to vaccinate senior citizens 
aged 65 or older. This cooperation contributed to the 
accomplishment of the government’s goal to “complete 
vaccinations by end-July” in cooperation with the 
administration.

such as doing radio calisthenics before work, holding 
gymnastic and stretching events led by an instructor, and 
sponsoring walking events, among other things. 

8. Recipient of the Silver Prize at the National Congress for 
Excellent Improvement Examples 2021

 The National Congress for Excellent Improvement 
Examples 2021 was held online on October 28, 2021. At 
this event all the examples of outstanding improvements 
that were selected for Excellent Improvement Awards at the 

district qualifying round held in June for the 2021 National 
Congress were presented at the same time. Twenty teams 
from across the country participated in this event. JATCO 
was the sole entrant in the National Congress from Nissan 
Group companies. Over 1,000 attendees watched the 
presentations and voted in the contest in which JATCO was 
awarded the Silver Prize. 

9. Torque Rechecker Circle receives Area Head’s Prize at 
Shizuoka Area QC Circle Satsuki Convention
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Patents

【SUMMARY OF THE INVENTION】 

An automatic transmission has an oil pump driven by a 
travelling driving source. An air vent structure that expels 
air bubbles contained in automatic transmission fluid 
during pump operation has an air vent hole whose one 
end communicates with an outlet port of the oil pump and 
whose other end opens toward the oil pan. An air vent 
tube is connected to an opening end of the air vent hole. 
The air vent tube is extended up to a strainer lower side 
gap area located between a strainer and the oil pan, and a 
tube opening end of the air vent tube is placed in oil of the 
automatic transmission fluid.

1.  AIR VENT STRUCTURE OF OIL PUMP FOR   
 AUTOMATIC TRANSMISSION, AND METHOD FOR  
 ASSEMBLING AIR VENT STRUCTURE

(Fig. 1)
Application Number : 2018-507116
Application Date : 10.2.2017
Patent Number : 6559882
Registration Date : 26.7.2019
Title :  AIR VENT STRUCTURE OF 

OIL PUMP FOR AUTOMATIC 
TRANSMISSION, AND METHOD 
FOR ASSEMBLING AIR VENT 
STRUCTURE

Inventors : Yuuki Tanaka

Patents

Fig. 1
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Patents

【SUMMARY OF THE INVENTION】 

In a specific state where an electric vehicle is in a stop state 
and a creep torque is generate in an electric motor, when 
a shift range is switched from a traveling range to a non-
traveling range, a motor control section performs a torque 
decrease control to stepwisely decrease the creep torque of 
the electric motor, and an automatic transmission control 
device performs a disengagement control to gradually 
disengage the frictional engagement element of the 
automatic transmission.

2. Electric-vehicle control device and control method

(Fig. 2)
Application Number : 2015-230721
Application Date : 26.11.2015
Patent Number : 6653556
Registration Date : 30.1.2020
Title :  Electric-vehicle control device and 

control method 
Inventors : Tomoo Mochizuki, 
  Kenichi Ooshima, Hiroshi Miyazaki,
  Yuji Torizawa, and three others

Fig. 2
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